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Abstract

Tissue engineering (using laboratory grown tissue to treat injury) and bionics (technologically
augmenting the human body) are advancing the range of medical treatments and prostheses
options for patients. New materials continue to be developed which address important tissue
engineering and bionics requirements, such as improved cellular response, tissue-like softness
and exibility, and bio-degradation where appropriate. These materials include biopolymers,
such as chitosan and hyaluronic acid, and conducting polymers, such as polyaniline and poly(3,4
ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS). In tandem with new material
development, fabrication methods are needed to construct tissue scaolds or bionic devices.
Where conventional fabrication methods do not work, new methods must be developed.
Printing is a exible fabrication method, by which free-form two- and three-dimensional
structures can be created. Other similar technologies, such as soft lithography, usually require a
mask or template as part of the fabrication process. However, printing methods are data-driven.
A print pattern can be designed using a simple image or a more sophisticated computer-aided
design (CAD) program. Once a pattern is developed, the materials ink is deposited using an
appropriate printing method. These methods include inkjet and syringe-based techniques such
as capillary force and extrusion printing.
The viscosity of the materials ink is an important property when considering which printing
method to use. Inkjet printing typically works best within a narrow range of low viscosity (1012 mPa·s). Printing by capillary force is possible with a viscosity range including and outside
13

Abstract
(1 mPa·s) that of inkjet printing. Higher viscosity materials inks (> 1000 mPa·s) are required
for extrusion printing. Other ink properties, such as the surface tension and contact angles on
the substrate are important factors in the drying conditions of the printed material.
The aim of this research project was to investigate printing of electroactive polymer inks onto
and within a biopolymer substrate. The printability of commercial and in-house synthesized
inks was investigated. A custom printer was developed and built for the purpose of printing
viscous inks. The inuence of the biopolymer substrate on the drying eects of the printed
materials was studied. The overall suitability of printing as a method for fabricating devices
and embedding conducting polymer tracks into biopolymers was assessed.
The power law and Bingham models were applied to determine the apparent viscosities
and yield stress values for the materials inks. Tracks of PEDOT/PSS solution and paste
were inkjet and extrusion printed, respectively, onto the surface of dry chitosan-based lms.
Capillary printing was used for deposition of optically active, doped polyaniline-based inks and
PEDOT/PSS on glass substrates. Encapsulated tracks were fabricated by extrusion printing
PEDOT/PSS paste into chitosan solution. The tensile properties of the chitosan-based lms
were measured. The electrical and morphological characteristics of the tracks were compared
by printing method.
Inkjet printing was found to be suitable for applications where the resolution of the printed
structure is required to be 60 µm or less, and electrical resistance within the range of a few
hundred kΩ/cm. Capillary printed samples exhibited resistance similar to samples created
by inkjet printing. For applications where the resolution of the printed structure is not as
important or the resistance must be in the range of tens of kΩ/cm, extrusion printing should
be used. Both inkjet and extrusion printing onto the surface of dry chitosan-based lms resulted
in localized swelling due to reaction between the ink and the substrate. Encapsulated tracks are
protected from direct exposure to air, exhibited the lowest resistance of all printed samples, at
14

2.8 ± 0.3 kΩ/cm, and did not show the swelling issue faced when printing on the surface of dry
lms. With the printing methods and inks investigated, it is possible to fabricate structures
that could potentially be used to address the needs of future tissue engineering and bionic
devices.
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Chapter 1

Introduction

1.1 Tissue engineering
Tissue engineering with biomaterials is a broad, growing interdisciplinary area of research
that incorporates aspects of engineering, materials science, and biology towards native tissue
replacement or therapeutic tissue substitutes1 . The importance of this relatively new eld
of research is underscored by the limitations of metallic and ceramic materials for implants2 .
These rigid implants must either be left inside a patient, or require a second surgery for removal,
which increases both the cost and the risk of recovery. Corrosion and cracking can severely
compromise the structural integrity of the rigid implant as well as the health of the patient3 .
Where damage is signicant, donated organs or tissue can be used, but these are limited by
supply4,5 , carry risks of disease transmission6 or infection7 , and usually require the patient
to take a lifetime of anti-rejection drugs8 . Biomaterials that are soft, biocompatible, and
bioresorbable, are therefore considered to be increasingly important for improving treatment
of tissue trauma9 . Additionally, it is much easier to use a soft biomaterial to treat an injury of
irregular shapesomething nearly impossible to do with rigid materials.
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There currently exist three approaches in tissue engineering: (1) the use of isolated cells
or cell substitutes to replace those cells that supply the needed function; (2) the delivery of
tissue-inducing substances, such as growth and dierentiation factors, to targeted locations; (3)
growing cells in three-dimensional scaolds. 1 Of these three approaches, the rst two are limited
to uses when issues relating to defects are insignicant and the nal structure does not need
to be the size of a full organ; therefore real-world application is limited. Three-dimensional
scaolds provide the potential to stimulate construction of the extracellular matrix (ECM),
which would full the primary aim of tissue engineeringto replace, repair, or fully regenerate
functional tissues and organs10,11 .
Characteristics that soft biomaterials should have for use in tissue engineering applications
include high porosity and appropriate pore size12 , high surface area, biodegradability, suitable
mechanical strength, minimal cytotoxicity, and positive interaction with cells for adhesion,
growth, migration, and dierentiation13,14 . Although much research has been done to develop
materials with these characteristics15,16,17 , and some clinical studies involving human patients
have been conducted18,19 , tissue engineering is still a long way from being a practical form of
medical treatment20 .

1.2 Bionics
Bionics is a eld of study which attempts to restore lost or absent functionality to the human
body using contemporary technological capabilities and drawing inspiration from biological
systems21 . It involves augmenting the human body with articial prostheses as a method of
treatment for ailments medicine or tissue engineering cannot yet address. Primitive bionics
could be considered to include simple, crude implements such as dentures made of wood, ivory,
gold, or brass that were used in ancient Egypt22 . The eld of bionics has matured through
history, though, alongside the expanding knowledgebase of biomechanical engineering and
20
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materials science23 . Modern day bionics incorporates advanced engineering principles such as
robotics24,25 and special materials developed to withstand the body's physiological response19,26
to the prosthetic device. Current prosthetic devices can include a computer interface27 to
handle signal processing28 , and have advanced from limb augmentation to more sophisticated
functionalities such as cochlear implants29 . Groundwork continues to be done for additional
devices, such as a bionic eye30,31 and an articial kidney32 . Perhaps one of the most important
bionic devices is the articial heart33,34 , a prosthetic device that literally makes the dierence
between life and death for its recipients.
While augmenting complicated organs such as the ear or the eye can be considered impressive
feats in the eld of bionics, much improvement has also been done on more common prosthetics.
Prosthetic hands have been optimized for better gripping and include aesthetic improvements
such as articial skin and hair23 , while a Bionic Glove35 was designed to use electrical stimulation
to assist patients with spinal injury in regaining use of their hands. Articial legs have improved
from being simple and rigid36 to incorporating specialty parts, such as springs for running37 or
multi-axis knees38 .
A key distinction that currently separates bionics from tissue engineering is that prosthetic
devices are mechanical substitutes not always intended or designed to degrade, as would be
true for an articial heart or other organ. In the case of metal bionic devices, degradation can
lead to undesired corrosion side eects, such as releasing metal ions into surrounding tissue39 .
However, advancements in biodegradable materials40,41 can permit replacement of a bionic
treatment with a tissue engineering one42 . It may one day be possible to create implantable,
biodegradable, and bioelectronic devices that temporarily function in a bionic manner, only to
be absorbed into the body once treatment is complete.
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1.3 Biopolymers
Chitosan
Chitin, from which chitosan (Fig.

1.1) is derived, is an abundant material found in the

exoskeleton of many invertebrate creatures such as crustaceans and insects43 . Its chemical
structure is similar to cellulose44 , also an abundant material. Extraction of chitin from its
source involves dissolving the bulk material in a strong acid, followed by protein removal with
an alkaline solution, and nally drying and extraction. The high degree of acetylation of the
glucosamine groups in chitin limit its processability, because it is insoluble in acidic aqueous
media.

Figure

1.1:

The chemical structures of a) chitosan, with deacetylated,

positively charged D-glucosamine residues and b) chitin, with residues of
N -acetyl-D-glucosamine (NHAc, where Ac denotes the acetyl residue structure
O=C-CH3 ).

Chitin is a highly ordered, rigid material, and through intermolecular hydrogen bonding,
the chains align in parallel or anti-parallel formations. By hydrolysis combined with heat
treatment, these glucosamine groups achieve a high degree of deacetylation, resulting in
22

1.3. BIOPOLYMERS
chitosan. Chitosan can be dissolved in weak acidic solutions, such as acetic acid, which act to
protonate (induce a positive charge on) the glucosamine groups. Charge repulsion prevents the
polymer chains from forming a tightly organized structure.
Chitosan is biocompatible and biodegradable, and both of these characteristics depend
on the degree of deacetylation44 . Cell culture studies have shown highly deacetylated lms of
chitosan allow better cell proliferation and adhesion45 .

The mechanical strength also

correlates to the degree of deacetylation46 . Just as fully acetylated chitin is a rigid material,
highly deacetylated chitosan is a soft materiallms of which are not easily handled upon
exposure to water. The choice of solvent47 or the addition of surfactants48 can also aect the
mechanical properties of chitosan lms, as can heat treatment49 .
Chitosan has been shown to be a promising biomedical material, which can encourage three
dimensional tissue structure growth50 . When added to calcium phosphate cement it can be
used for bone repair51 . It has also been studied as a drug release platform52,53 . Chitosan
complexes that mimic the permeability of human skin have been suggested as substitutes for
human cadavers and animal skin for drug studies54 .

Hyaluronic acid
Hyaluronic acid (HA), also known as sodium hyaluronate or hyaluronan, was rst
discovered in 193455 , and is an important and abundant component of the ECM56 . It is a
linear polysaccharide57 (Fig. 1.2) that is unsulfated58 , and the simplest structure of a group of
polysaccharides known as glycosaminoglycans. There are several sources from which HA may
be derived, including rooster comb, bovine vitreous humor,

Streptococci

bacteria, and human

umbilical cord. While bacterially derived HA tends to be contaminant-free, HA derived from
non-bacterial sources can contain contaminants such as endotoxins, nucleotides, and proteins59 .
This is important to consider when using HA in tissue engineering applications.
23
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Figure 1.2: The chemical structure of hyaluronic acid.
Due to its abundance in mammalian tissue, HA is a biocompatible material.
also biodegradable via the enzyme hyaluronidase.

It is

Prior studies have found that HA

concentration can be used to govern cell adhesion55,60 . The material is negatively charged57 due
to the carboxyl groups present, making it suitable for ionic bonding to positively
charged biomaterials like chitosan. Like processed chitosan, HA exhibits strong water-sorption
characteristics.
Some therapeutic applications of HA include surgical injection and lubrication57 . When
HA is prepared in a viscous solution, it can be used as a shock absorber in cartilage and
treatment of osteoarthritis55 . Recently, HA has been studied as a drug release platform61 .
A hydrogel biomimetic scaold based on HA was found to be suitable for possible use as a
nerve regeneration platform62 .
HA combined with chitosan has been studied for wound dressing55 , as an articial skin
scaold60 , and as a ber-based platform for cartilage tissue engineering63 . Films made from
HA and chitosan have been shown be exhibit suitable cell adhesion properties for use as a
tissue engineering platform64 or for biomedical coatings65 .

1.4 Amino acids
Amino acids are important agents of biological processes66,67,68 . For example, L-arginine is
an amino acid responsible for the biological synthesis of nitric oxide69 (NO) through
24
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oxidation by nitric oxide synthase70 (NOS). The discovery of the importance of NO to
mammals resulted in the 1998 Nobel Prize in Medicine. Not only is NO important to mammals,
but its synthesis may be a method by which cells can dispose of excess nitrogen, similar to
the liver's production of urea71 . Therefore, L-arginine is critical to the survival of mammals.
Similarly, other amino acids play important biochemical roles72 . Glycine acts as a crucial
inhibitory neurotransmitter, primarily in the spinal cord and brain stem73 . L-alanine has been
shown to be important for protein synthesis in the liver74 . Amino acids are carboxylic acids
and have an amino group (-NH2) attached to the carboxyl group (-COOH). Glycine is the
simplest amino acid, consisting of one carboxyl group, one amino group, an alpha carbon
atom (where the groups are connected) and two hydrogen atoms. There are two isomeric
forms (L, levo; and D, dextro) for every amino acid except glycine. The dierence in the
isomeric forms is a mirroring of the spatial arrangement of the chemical groups attached to
the alpha carbon atom. As fate would have it, the L form is dominant in amino acids found
in nature. A small selection of amino acids was chosen for this study, including L-arginine,
L-valine, L-alanine, L-tyrosine, and glycine. L-valine is a branched chain amino acid which is
hydrophobic75 . L-arginine, L-alanine, glycine, and L-tyrosine are non-branched chain amino
acids. The chemical structure of each of these amino acids is shown in Figure 1.3.

1.5 Introduction to printing
A brief history of printing
Printing has its beginnings in ancient civilizations76 . The primary reason for printing is to
convey information, and typically requires deposition of ink. Gutenberg's printing press with
its moveable type, invented in the mid 1400s77 , could be considered to be the rst printer.
However, historical studies have found that the Chinese invented similar printing technology
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Figure

1.3:

project:

The chemical structures of the amino acids used in this research

a) glycine, b) L-alanine, c) L-valine, d) L-arginine, and e)

L-tyrosine.

using clay nearly four hundred years earlier78 . Subsequently to the clay-based moveable type
used by the Chinese, but still prior to Gutenberg, metal-based moveable typeor typeface
appeared in Asia68 . If one wished to print a picture instead of letters, a plate had to be carved.
Early plates were made from wood, followed by metal79 . Paper (or similar at, brous material)
was the necessary substrate for the printing press. Ink for a printing press was a viscous paste80
that was applied to the typeface or plate before being pressed onto the paper substrate.
While the printing press was a signicant technological advancement, setting typeface
by hand is laborious and time-consuming. In 1886, the Linotype, a mechanical typesetting
machine, was invented by Ottmar Mergenthaler81 . Advancements were also made to plate
production. Light sensitive materials were discovered in the mid to late 1800s to be useful
for photographically capturing an image on a plate, eliminating the task of engraving82 . This
26

1.5. INTRODUCTION TO PRINTING
process became known as photolithography, and in short time came to be used to produce the
typeface, as well. During this time, newer, more capable printing presses were being engineered.
A steam-powered printing press that used a rotating cylinder was developed by Frederik König
in London in 181466 , and could print 1,100 sheets per hour. By the 1950s, printing presses
could produce 160,000 newspapers per hour83 .

Modern printing technology
At about the same time printing presses reached printing capacities of hundreds of thousands
of pages per hour, Siemens had developed expertise in electroceramics. This in turn led to
research on piezo materials in the 1960s84 and the invention of the rst piezo actuator (Fig.
1.4). A primary focus of the work was to use the piezo actuators to make fuel injectors for
engines. By the 1970s, the company was making piezo transducers, which were used in the rst
inkjet printers85 . These piezo inkjet nozzles were essentially miniaturized fuel injectors.
As with the printing press, inkjet technology improved. After an inspirational accident at
the laboratories of Canon in which a hot soldering iron touched a metal syringe tip lled with
ink, causing the ink to eject, the idea for a thermal inkjet nozzle came about86 . Canon led a
patent application for thermal inkjet technology in the late 1970s75 . Hewlett-Packard had been
developing thermal inkjet technology at the same time, and began collaborating with Canon
once the two companies realized the parallels in their research87 . Modern drop-on-demand
inkjet nozzles (Fig. 1.5) are basically composed of either a small piezoelectric actuator or a
thermal element connected to a chamber where ink is drawn in88 . A voltage is applied to the
actuator, causing either a rapidly expanding vapour bubble (thermal89 ) or a resonating acoustic
pulse (piezoelectric90 ) in the chamber, which expels a drop of ink from the nozzle91,92 .
In 1992, it was rst proposed that inkjet printing could be used for 3D manufacturing93 . The
benets of this idea were huge. Manufacturing by machine typically requires custom tooling
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Figure 1.4: a) The first piezo actuator produced by Siemens, and b) a schematic

diagram of the actuator. Images © Siemens AG.

Figure 1.5: A simplified schematic of a modern-day inkjet nozzle.
to be built, which is expensive and not a quick process94 . If the product design is deemed to
be awed, the tooling must be scrapped and new tooling built. This time and money cost can
signicantly hinder a company's ability to rapidly bring a new product to market95 . However,
with a printer, no tooling is needed for the initial prototyping stages, where the design can
undergo a series of rapid modications before tooling is built.
Basically, the process would begin with the design of a product using a computer and
graphical design software, such as Computer Aided Design (CAD)96 . The design is split into
a series of two dimensional layers, perhaps by using a slicing algorithm on the original design
pattern97,98 . A layer of powder material is spread onto a printing platform, and a binder ink
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is printed for the chosen pattern78 . For each subsequent layer, the platform is lowered, another
layer of powder is deposited, and the next layer of the pattern is printed using the binder
ink99 . Once all layers have been printed, the powdered platform may require curing in an
oven, after which the three dimensional printed structure is extracted from the powder bed100 .
Since it has been shown that a milling machine can be used as a three dimensional copier101 , it
requires only a small leap of logic to see that printing can eliminate the requirement for custom
manufacturing tooling altogether, further increasing the cost savings and decreasing the time
to market.
Extrusion does not have a specic historical origin, but it is a key processing technique
in the manufacturing industry. Hot-melt extrusion is typically used for plastics102,103 . High
temperature extrusion adds eciency to the forging of metals104,105,106 . Extrusion is essential
in the production of processed cereal and grain products107,108,109 . The idea of using extrusion
as a printing process to create free form structures began to appear in the late 1990s90,110 .
Because extrusion works well with viscous materials, it can be used to create structures that
are beyond the capabilities of inkjet printing methods111 .
Three dimensional printing is analogous to certain biological processes, such as bone formation90 ,
and with proper chemistry, free-form printing using biological or similar materials could enable
direct printing of surgical prostheses. Such printed structures could be chemically and physically
designed to allow for cell attachment to allow better connection with surrounding tissue once
implanted. This brings about a degree of convergence between tissue engineering, bionics,
and printing technology. For tissue engineering, it has been proposed that achievement of
a standardized, multi-purpose scaold design would allow more rapid advancements towards
routine clinical use112 . However, printing could allow for easy customization of a scaold. Inkjet
printing has already been shown as a viable method for fabrication of dental prostheses113 , and
bone scaolds which were implanted in mice114 . A growing body of research has demonstrated
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that printing115 , combined with design tools like CAD116 , show promise for custom organ
manufacturing117,118,119 . Extrusion printing has been used to create three dimensional scaffolds with chitosan120 , a vascular network with wax121 , and scaold structures using ceramics,
polyelectrolytes122 , and polyacrylamide hydrogels123 .

1.6 Introduction to conducting polymers
Polyacetylene was the rst known conducting polymer124,125,126 , a discovery in 1977 for which
the 2000 Nobel Prize in Chemistry was awarded to Hideki Shirikawa, Alan Heeger and Alan
MacDiarmid116 . While engineering advances with metallic semi-conducting materials such
as silicon have brought about a revolution in technology127 , conducting polymer materials
have some additional advantagessuch as controllable backbone functionalities and a wide
range of source materials115 that may lead to further improvements. Additionally, conducting
polymers can be synthesized and processed using many dierent methods128 . The technologies
where conducting polymers show promise include chemical and biological sensors129 , surface
protection130 , actuators131 , solar cells132 , and electrochromics133 .
Conducting polymers require doping to enable electrical conductivity. This doping attribute
is unique to conducting polymers116 . Structurally, conducting polymers are a conjugated system
of alternating single and double bonds134 . Doping takes advantage of the p-orbitals by inducing
them to overlap (forming π -orbitals) such that electrons are delocalized and can travel between
them124 , and this occurs without changing the overall structure of the polymer backbone116 .
Synthesis of conducting polymers is done by an oxidation, reduction, or electrochemical reaction
of the monomer. Solvent, temperature, and applied potential during synthesis can greatly
inuence the characteristics of conducting polymers135,136 . The presence of hydrogen atoms on
the polymer chain allow for bonding137 or substitution138 of other useful molecules to enable
specic functionalities or modify existing attributes139 . Oxidation removes electrons from the
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polymer chain, whereas reduction adds electrons. These conducting electroactive polymers can
be controllably cycled between an oxidised (conducting) state and a reduced (insulating) state
by switching the applied potential140 .

Polyaniline
Polyaniline was rst ocially discovered in 1862141 . It typically exists in three primary forms
(Fig. 1.6), leucoemeraldine, emeraldine, and pernigraniline, and can take on a base (un-doped)
or protonated (doped) salt structure in each of these states142 . The chemical polymerization
reaction usually requires a strong acid, which allows solubilisation of the aniline monomer and
the formation of the emeraldine salt form of the polymer. An oxidising agent such as ammonium
persulfate (APS) acts as a catalyst for the polymerization reaction by oxidising the polymer
until it reaches the pernigraniline form, which then reacts with remaining monomer such that
the nal polymer achieves the half-oxidised emeraldine form6 . Electropolymerization involves
applying a potential to an electrode in an acidic solution containing the monomer to induce
oxidation, causing radical monomer cations to form. Continued oxidation leads to polymer
chain formation, and the polyaniline then becomes doped by the acid in the solution. Since the
potential drives the oxidation, a chemical oxidant is not required. The polymer is bonded to the
anode surface and can either be used that way or scraped o as a powder for later dispersion
in solution.
Commonly, doping polyaniline simply involves exposing the base material, such as emeraldine salt (ES), to a protonic acid, such as (+)- or (-)-10-camphorsulfonic acid (HCSA) in organic
solvents143 . Interestingly, the doping process does not aect the number of electrons associated
with polyaniline, and the conductivity of polyaniline depends on both the degree of oxidation
and the extent of doping144 . The emeraldine salt form of polyaniline is the most conducting of
the three forms. The structure of polyaniline consists of repeating units of a benzenoid ring,
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Figure

1.6:

The chemical structure of the un-doped repeating unit of

polyaniline in the a) fully reduced, non-conducting leucoemeraldine base form,
characterized by the hydrogenated N-H bonds on the benzenoid ring, b) 50%
oxidized, emeraldine base form, where x denotes the reduced repeating unit
and y the oxidized repeating unit, and c) fully oxidized, pernigraniline salt
form.

which are replaced by quinoid rings in the fully oxidized pernigraniline form.
Polyaniline is typically insoluble in water, limiting processing options. Early studies of
polyaniline found conductivity ranges from 5-13 S/cm16,145 . Further research has shown the
conductivity of polyaniline can be dramatically increased in excess of 1000 S/cm146 . Unlike
most metals, conducting polymers can lose conductivity under relatively low heat conditions.
Polyaniline exhibits thermochromism that leads to de-doping at 180°C, and this eect is nonreversible upon cooling147 .
Some uses for polyaniline include exible electrochromic devices148 , gas sensors149 , and
separation membranes150 . Polyaniline has been reported to be biocompatible151 , and
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studies of the polymer have found minimal inammation response152,153 . Although recent
research in nanoparticle-size polyaniline has reported biocompatibility154,155 , there is concern
about the long-term biological eects of nanoparticles in general156,157 , particularly in relation
to the eects on cell signalling and DNA functionality.

Poly(2-methoxyaniline-5-sulfonic acid)
Poly(2-methoxyaniline-5-sulfonic acid) (PMAS, Fig. 1.7) is an electrically active polyelectrolyte
that can be used as a dopant for conducting polymers such as polyaniline or polypyrrole158 .
The monomer, MAS, is polymerized through oxidation. After polymerization, separation of the
low and high molecular weight PMAS is a necessary processing step, as only the high molecular
weight material is conducting159 . As a fully sulfonated derivative of polyaniline, PMAS has
the same leucoemeraldine, emeraldine, and pernigraniline oxidation states160 . When PMAS is
present during the synthesis of polyaniline, the resulting composite polyaniline/PMAS is watersoluble161 . The conductivity of the high molecular weight PMAS has been found to be just under
1 S/cm148 . In addition to its inherent water solubility162 , PMAS exhibits photoluminescence163 .

Figure

1.7:

The chemical structure of poly(2-methoxyaniline-5-sulfonic acid)

(PMAS).
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Poly(3,4-ethylenedioxythiophene)
Conducting polymers known as polythiophenes (Fig. 1.8a) have been found to be stable164,165 ,
and its water-soluble composites have been reported as environmentally friendly166 . As with
other conducting polymers, undoped polythiophenes exhibit low conductivity, but through
oxidation, the conductivity can be increased115 . The basic chemical structure can include an
aromatic or quinoid backbone167 . Due to the low reactivity of the thiophene monomer115 ,
derivative polymers have been the focus of more study. One such derivative, poly(3,4-ethylenedioxythiophene) (PEDOT) (Fig. 1.8b), was rst discovered by Bayer AG in the 1980s115 .
Chemical polymerization of the EDOT monomer requires an oxidising agent such as APS or
ferric chloride (FeCl3 ) and an electrolyte to act as the dopant. Electropolymerization is done
in the same manner as with polyaniline, but the resulting lms do not necessarily require the
physical support of the electrode168 . PEDOT is typically dark blue when reduced and light
blue (transparent in the case of a thin lm) when oxidized169 . The conformation of the PEDOT
chain plays an important role in the electrical and optical behaviour of the polymer170,171 .
Like polyaniline, PEDOT itself is insoluble in water. This can be overcome by performing
the synthesis in the presence of the water-soluble electrolyte, poly(styrenesulfonate) (PSS)
(Fig. 1.9), a dopant which acts as a counter ion to balance the charge on the polymer and
stabilize the aqueous dispersion. This greatly enhances the processability of PEDOT172 . However, the conductivity of insoluble PEDOT can be as high as 300-550 S/cm, while that of
PEDOT/PSS is typically as high as 10 S/cm115,156 . The reduced conductivity of PEDOT/PSS
compared to PEDOT is caused by the insulating properties of PSS173 . PEDOT/PSS exhibits
good thermal stability156 at a temperature of 100°C, but also thermally degrades when exposed
to higher temperatures for long periods of time174 .
A thin lm of PEDOT, when oxidized, is transparent, but becomes dark again upon being
electrochemically reduced. The switching time is mere seconds175 , and this property makes
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Figure

1.8:

The chemical structures of a) aromatic polythiophene, and b)

poly(3,4-ethylenedioxythiophene) (PEDOT).

Figure

1.9:

The chemical structure of poly(styrenesulfonate) (PSS), showing

the repeating phenyl ring units with negatively charged (SO3 ) and acidic
sulfonate groups (SO3 H).
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PEDOT ideal for electrochromic and smart display applications. Other uses of PEDOT include
a hole injection layer on top of ITO176 , replacement for ITO177 (all polymer solar cell), humidity
sensor, ion-selective membrane, and enzymatic sensor178 . PEDOT has also been reported to be
biocompatible179,180 , and PSS has also been found to exhibit low cytotoxicity181 .

1.7 Printing conducting polymers
Printing has been extensively investigated for conducting polymers182,183,184 . Much of the work
has centred on the creation of devices with non-biological applications, such as chemical sensors,
solar cells, and consumer electronics such as light emitting diodes (LEDs)185,186 . Some devices
have been fabricated for biological applications, such as an external biosensor187 . However,
printing materials inks is not always easy, paticularly with inkjet. Clogging and sputtering are
very persistent problems with inkjet printing that can be caused by the build-up of dried ink
around the nozzle188 , or by particles (such as carbon nanotubes189 ) aggregating in the nozzle
cavity. While the addition of surfactants to the inks can reduce issues with clogging190 , the
eect can sometimes be limited, and could result in ink build up around the nozzle faceplate182 ,
eventually aecting proper drop formation. Surfactants also aect the impact dynamics of the
drops on the substrate191 . Other additives, such as humectants like ethylene glycol can reduce
clogging and ink drying around the nozzle by lowering the evaporation rate of the ink192 , but
in some cases may not improve the printability of the ink due to dampening of the piezoelectric
pulse193 . In the case of electroactive polymer inks, the polymerization reactions themselves
may have to be adjusted to achieve the desired printability, while retaining the initial desired
properties (e.g., conductivity)194 . Diluting the inks further with solvent may be the only viable
option for getting the most ideal and consistent cartridge performance; and dilution is the only
option for materials that are viscous in higher concentrations, such as PLGA195 or poly(vinyl
alcohol)196 . However, the more dilute an ink is, the more layers of material must be printed
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to obtain meaningful results186 . In assessing an ink's printability, dimensionless relationship
values for viscosity and surface tension, such as the Ohnesorge number (see Chapter 3), can
serve to guide whether or not a uid should be printable. If properties such as the viscosity
and surface tension are appropriate, yet printing fails and altering the ink is not feasible or
desireable, sometimes it is possible to work around rheological or chemical problems. For
example, a pattern may be inkjet printed using an oxidant ink, followed by using other methods
for deposition of the conducting polymer which would react with the printed pattern197 . A
variation of this approach is to inkjet print an oxidant onto a substrate pre-coated with a
thin lm of conducting polymer198 , in which the printed oxidant would render a pattern on
the conducting polymer lm. Alternatively, the substrate can be pre-patterned to control the
drying behaviour of the printed polymer and overcome printer resolution issues199 . A layer of
buer material can be employed to work around the uneven surface roughness resulting from
inkjet printing conducting polymers on rigid substrates by allowing the ink to be absorbed200 .

For extrusion or capillary printing using a syringe, the uid requirements are more relaxed
than for inkjet cartridges. With capillary printing (see Chapters 5 and 6), the uid viscosity
simply must be low enough such that with the appropriate tip size the capillary ow will
overcome the viscous force and deposition commences. While the inuence of capillary action on
uids has been reviewed (see Chapter 3), and the use of capillary forces in lithographic printing
has been previously reported201,202,203 , no studies have shown deposition purely by capillary
force from a syringe. The concept of capillary printing is inherently simple, and reproducible
patterns can be created from a variety of materials. The extrusion printing process, on the
other hand, is driven by gas or pneumatic pressure, and tips can be changed until a size is
found that works. The uid still requires some degree of optimization, but mostly towards the
desired form of the printed structure204 , not for the ability to get the uid out of the syringe
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in the rst place. As more viscous inks can be used, this means less printing is needed in order
to deposit more bulk material, compared to inkjet.

1.8 Combining conducting polymers and biomaterials
The use of conducting polymers with biopolymers has only recently begun to gain interest. Some
recent studies have sought to combine conducting polymers with biopolymers to create soft,
tissue-like platforms that are conducting205,206 . There are already current applications of conducting polymers in bionics, namely the cochlear implant207 . If such a combined device were to
succeed as a possible implant in applications such as electrical stimulation, the resistance should
be appropriately within range of existing implant devices, such as subcutaneous glucose sensors,
which have a typical resistance of 2.85 MΩ208,209 . Additionally, it has been previously shown
that encapsulation can increase the stability of polymer materials210,211 . Non-encapsulated
polymers can experience degradation over time due to air and humidity exposure212,213 .
Printing poses a simple route to fabricating non-encapsulated and encapsulated scaold
structures, particularly because of its inherent simplicity and the ability to use free-form design
tools, like CAD (Computer-Aided Design) software, as discussed in chapter 4. Other scaold
fabrication methods can be more complicated. For example, Pster et al.214 encapsulated
conducting polymer bers by rst wet-spinning the bers, placing them into custom cylindrical
polycarbonate moulds, then pouring agarose solution into the moulds followed by rapid cooling
to solidify the hydrogel. Direct printing of conducting polymer lines into a biopolymer solution
at room temperature followed by controlled ambient drying oers an easier, more exible route
to fabricating encapsulated polymer devices. The technique only requires that the conducting
polymer and biopolymer exhibit phase separation, and for the viscosity of the biopolymer to be
appropriate to provide drag force215 and maintain the printed line through the drying process.
Polymer phase separation has been shown to be useful in patterning structures216 . This use of
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viscous drag force to stretch the printed ber into its nal form is similar to the use of coagulant
ow to stretch wet-spun bers217 . As with wet-spinning218 , the shape of the extrusion printed
bers is dependent on the geometry of the syringe tip219 .
Printing materials into a liquid has been studied previously220 , but this technique has not
been applied to conducting polymers. Typically, when printing is done into a liquid, the purpose
is to provide coagulation221,222,223 for the printed material. In this work, printing into liquid
was intended to provide encapsulation for the extrusion printed conducting polymer once dry.
By doing so, the physical deformation caused by solvent swelling was eliminated.

To the author's best knowledge, printing conducting polymer materials onto and into
biopolymer substrates has not been widely studied.

1.9 Aims of this research project
The primary aim of this research project was to investigate printing conducting electroactive
polymer inks onto and within a biopolymer substrate. Four aims are required to achieve this:
1) investigate the printability of commercial and in-house synthesized conducting polymer
inks using inkjet and syringe-based printing methods;
2) develop and build a custom printer for the purpose of printing viscous conducting polymer
inks;
3) investigate the inuence of a biopolymer substrate on the drying eects of the printed
materials; and,
4) assess the suitability of the printing methods for creating devices and for embedding
conducting polymer tracks into biopolymers.
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1.10 Thesis outline
Chapter 3 is intended to provide a theoretical background of the uid mechanics that aect
printing by inkjet, capillary, and extrusion methods. The chapter outlines the important uid
properties of viscosity and surface tension, and the mathematical basis by which each of these
properties is governed. Numerical relationships including these uid properties, which provide
indications of uid movement, are outlined. The contact angle between a uid and a substrate
is also reviewed. The discussion details why these properties are important to printing and how
the numerical relationships can provide guidance as to the printability of a uid.
Chapter 4 makes the case for opting to use a custom printing system over a commercial
one. The discussion details the basic mechanical structure of a printing system. Hardware
considerations as well as the important aspects of the software interface are specied. Cost
and exibility are two important aspects of the discussion. The design and construction of the
custom printing system used for this thesis is reviewed.
Chapter 5 investigates the printability of PMAS and polyaniline ES materials inks using
the novel technique of capillary force. The testing and development of the capillary printing
method is detailed with printed PMAS structures. The morphology of these PMAS structures
was characterized. The printing method was then applied to printing lms from ES solution.
Spectroscopic characterization was carried out on the printed ES lms and compared to the ES
solution.
Chapter 6 compares the printing methods of inkjet versus extrusion of PEDOT/PSS as
tracks on a dry biopolymer lm of CH-HA and glass substrates. The viscosity and shear stress
characteristics between the inkjet ink and the more viscous extrusion ink are analysed and
compared. The morphology of the printed structures is characterized and the dimensions of
the tracks are determined. From electrical characterization of the printed tracks, conductivity
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of the material is estimated. The results of the two printing methods are distinguished in terms
of resistance and resolution as they relate to practical applications.
Chapter 7 details extrusion printing of PEDOT/PSS as a single track on the surface of dry,
free-standing CH lms, and liquid-in-liquid printing within CH solution to create encapsulated
tracks. Tensile characterization was carried out on the free-standing CH lms. Spectral analysis
was used to determine the depth to which the PEDOT/PSS was adsorbed into the free-standing
CH lms. The morphological and electrical properties of PEDOT/PSS paste extrusion printed
on the surface of free-standing CH substrates as well as inside a CH solution were compared.
These results are compared with those of Chapter 6 with regard to resistance and resolution of
the printed structures.
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Methods

2.1 Materials synthesis
Commercial polyaniline with amino acids
Commercial polyaniline (PAn.) in emeraldine base form (item number 556386-25G, batch
number 07811DE); 1-Methyl-2-pyrrolidinone (NMP) CHROMASOLV Plus for HPLC, ≥99%
(batch numbers 01645PE, 07196JK); (1R)-(-)-camphorsulfonic acid (R-(-)-HCSA), 98% (batch
numbers 10720LD, S45914-279); L-arginine, reagent grade, ≥98% (item number A5006-100G,
batch number MKBB4876); L-valine, 99% (lot number 02103HQ); L-alanine, 99% (lot number
10216JQ); L-tyrosine (lot number 94F-0496); Glycine aminoacetic acid, minimum 99% (lot
number 41K0223); were purchased from Sigma-Aldrich. L-arginine, Ultra, >99.5% (lot and
lling numbers 1284883, 12906308) was purchased from Fluka. Except where otherwise stated,
all materials were used as received.
Stock solutions of EB were prepared by dissolving 3.8 mg PAn. in 5 mL of NMP solvent.
Measured amounts of the potential hydrogen bonding agents, L-arginine (1590 mM), glycine
(30 mM), L-valine (30 mM), L-alanine (30 mM) and L-tyrosine (30 mM) were added to these
EB solutions, and the EB then converted to the PAn.(-)-HCSA ES via acid doping with 180 mg
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(0.10 M) R-(-)-HCSA. All solutions were homogenised using a roller (1.3 rev/min) and allowed
to stand for 1 h prior to spectroscopic analysis.

Poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate)
The monomer, 3,4-ethylenedioxythiophene (EDOT, Baytron M), was sourced from Bayer and
distilled prior to use. Poly(sodium 4-styrene-sulfonate) (PSS, batch number 03212AC), dialysis
tubing cellulose membrane (retaining most material with molecular weight greater than 12,000
g/mol), and iron (III) perchlorate hydrate (Fe3PH, batch number 07508BD) were purchased
from Sigma-Aldrich. Ammonium Persulfate (APS, batch numbers AF506360, F3E245) was
purchase from Ajax and UNILAB, respectively. Except where otherwise stated, all materials
were used as received. Milli-Q water (resistivity 18 MΩ cm) was used for the solution.
The synthesis followed a published procedure224 , with minor variations. First, 13.15 mg
PSS was added to 800 mL Milli-Q water and placed over magnetic stirring at 900 rpm until
dissolved. The solution was then degassed in an ultrasonic bath for 1.5 hours. Dropwise, 5.3 mg
of EDOT was added to the solution, which was then degassed in the ultrasonic sonic bath for
an additional 2.5 hours. To remove any undissolved material, the solution was ltered through
paper and degassed for a further 30 minutes. Separately, 11.9 mg APS was added to 200 mL
Milli-Q water and placed over magnetic stirring at 300 rpm until dissolved. 5 mg Fe3PH was
added to 10 mL Milli-Q water and shaken to dissolve. The PSS solution was again placed
over magnetic stirring at 550 rpm, and the APS solution was added. The combined solution
was allowed to mix for 10 minutes before the Fe3PH solution was added. Following continued
stirring for 12 hours, the bluish-black solution underwent purication by dialysis against Milli-Q
water for 24 hours.
For collaboration with Prof. Paul Calvert at the University of Massachusetts-Dartmouth
(USA), about 250 mL of the PEDOT/PSS stock solution was dried prior to shipping, and
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reconstituted to the desired concentration upon arrival. To create the solution, 0.92 g of dried
PEDOT/PSS was added to 50 mL of ltered and de-ionized water, and placed over magnetic
stirring at 700 rpm overnight.
To produce the PEDOT/PSS paste ink used for extrusion printing, two 50 mL centrifuge
tubes were lled with the stock solution. This was centrifuged twice, for 35 minutes then for
75 minutes, at 3000 g, followed by decanting each time. The nal material was stored in the
centrifuge tubes until use.

Chitosan/hyaluronic acid
Medium molecular weight chitosan (CH, Mw = 190000-310000 Da, batch number 04609LD,
degree of deacetylation 79%, viscosity 915 cP, 1% v/v in 1% v/v acetic acid; batch number
MKBC3804, degree of deacetylation 77%, viscosity 593 cP, 1% v/v in 1% v/v acetic acid)
was purchased from Sigma-Aldrich. Hyaluronic acid sodium salt (HA) from

streptococcus equi

(lot and lling code, 1293039 32906097) was purchased from Fluka. Acetic acid glacial and
sodium hydroxide (NaOH, batch number AF410239) were purchased from Ajax. Except where
otherwise stated, all materials were used as received. Milli-Q water (resistivity 18 MΩ cm) was
used for the solutions.
For lms made by evaporative casting and used as printing substrates, 10 mg HA was
added to 36 mL Milli-Q water, placed on magnetic stirring at 750 rpm and 50°C, and covered
with a watchglass. After 80 minutes, 4 mL acetic acid was added to the solution, followed by
0.800 g CH. The temperature was raised to 70°C and stirring increased to 1400 rpm. Stirring
was continued for another 60 minutes, after which the solution was removed from heat. Glass
microscope slides were cleaned with Milli-Q water, and approximately 2 mL of the cooled
CH-HA solution was deposited across the length of the slide and dried in controlled ambient
conditions (21°C, 45% relative humidity). The dry lms were soaked for 1 hour in 0.1 M NaOH,
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followed by 1 hour in Milli-Q, then dried again in controlled ambient conditions (21°C, 45%
relative humidity).
The solution used for liquid-in-liquid extrusion printing was made by adding 94.7 mg HA
to 245.9 mL Milli-Q water, and placing it on magnetic stirring at 500 rpm and 50°C. After 60
minutes, 4.1 mL acetic acid was added to the solution, followed by 5.0 g CH. The temperature
was raised to 70°C and stirring increased to 750 rpm. Stirring was continued for another 90
minutes, after which the solution was removed from heat and stored overnight. The following
day, the solution was poured into a custom-designed mould measuring 7 x 27 cm, resulting in
a liquid substrate approximately 3 mm deep, and printing commenced immediately.

Chitosan with glycerol
Medium molecular weight chitosan (CH, Mw = 190000-310000 Da, batch number 07918TE,
degree of acetylation 75%, viscosity 453 cP, 1% v/v in 1% v/v acetic acid), and glycerin (batch
number 033K0097) (glycerol) were purchased from Sigma-Aldrich. Acetic acid glacial was
purchased from Ajax.
Free standing CH substrates were made following a previously published procedure225 , with
minor modications. 0.800 g CH and 200 mg glycerin was added to 40 mL 1% acetic acid and
placed over magnetic stirring at 800 rpm and 90°C for 20 minutes. The dissolved solution was
poured into a 7 x 27 cm custom-designed mould and dried in controlled ambient conditions
(21°C, 45% relative humidity). Once dry, the edges of the lm were cut and the lm was
carefully removed by hand. Samples measuring approximately 3 x 4 cm were cut from the
whole lm and folded over to produce a 3-layer thick substrate for printing. The substrates
were secured by rubber band to glass slides and soaked for 1 hour in 0.1 M NaOH, followed
by 1 hour in Milli-Q, then dried again in controlled ambient conditions (21°C, 45% relative
humidity).
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3% Chitosan
Medium molecular weight chitosan (CH, Mw = 190000-310000 Da, batch number 04609LD,
degree of deacetylation 79%, viscosity 915 cP, 1% v/v in 1% v/v acetic acid; batch number
MKBC3804, degree of deacetylation 77%, viscosity 593 cP, 1% v/v in 1% v/v acetic acid) and
acetic acid glacial 99.99+% (lot number 00720KR) was purchased from Sigma-Aldrich. The
materials were used as received. Milli-Q water (resistivity 18 MΩ cm) was used.
3% CH for liquid-in-liquid printing (CH-3): First, 25 mL acetic acid was added to 225 mL
Milli-Q water, followed by 7.5 g CH. The solution was placed on magnetic stirring at 1100 rpm
and 90°C for 1 hour. Stirring was continued for an additional 18 hours at a reduced heat of
50°C. Following removal from stirring, the solution was degassed in an ultrasonic bath for 3
hours. The solution was poured into a custom-designed mould measuring 7 x 27 cm, resulting
in a liquid substrate approximately 3 mm deep which was used immediately for liquid-in-liquid
printing.
Dry lms used for printing were soaked for 1 hour in 0.1 M NaOH, followed by 1 hour in
Milli-Q.

Poly(2-methoxyaniline-5-sulfonic acid)
Poly(2-methoxyaniline-5-sulfonic acid) (PMAS) was synthesized according to a published procedure226 and used without further modication. Milli-Q water (resistivity 18 MW cm) was
used for PMAS solutions.
Aqueous PMAS solution was made by adding 500 mg dried high molecular weight PMAS
to 10 mL Milli-Q, followed by shaking to ensure all material was dissolved.
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2.2 Characterization
Rheology
The viscosity was measured using a rheometer, and works by rotating a disk at a specied
height above a plate surface where a small volume of the uidin contact with both the plate
surface and the rotating diskrests. The uid provides viscous resistance to the rotating disk,
and this is recorded. The viscosity ow curves were done using a Anton Paar Physica MCR301
rheometer. A small volume of sample uid (1 mL) was placed onto the at plate surface, onto
which a 25 mm at disk was lowered to a gap of 1.5 mm. The shear rate was measured from
0-100 s-1 at a temperature of 21°C.

Surface tension
The surface tension of the inkjet inks was determined using a Dataphysics OCA 20 goniometer,
using the pendant drop method. Drops were measured at their maximum possible size. Drop
sizes were increased in 20 µL increments until they reached the maximum possible size before
falling from the syringe tips.

Atomic force microscopy
Atomic force microscopy (AFM) was used to obtain three dimensional sub-nanometer resolution
images of samples over a total

xy

surface area of about 80 µm. AFM analysis was performed

using an Asylum Research MFP-3D model AFM (Santa Barbara, CA, USA). Inkjet printed
tracks were imaged using TappingMode in air with a 40 N/m silicon cantilever at a scan rate
of 0.5 Hz.
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Prolometry
Track proles for extrusion printed samples were measured using a contact prolometer. A
contact prolometer works in a similar manner to an AFM, except the tip is much larger and
there is no option for reduced contact methods such as TappingMode. The applied force on
the sample is also much greater, as is the scan area. As a result, a contact prolometer cannot
achieve the high resolution possible with an AFM. It is suitable for characterizing the surface
morphology of larger samples where high resolution is not necessary, but it cannot be used for
wet samples.
The contact prolometer used in this project was a Veeco Dektak 150 with a 12.5 µm tip.
Measurements were done using 1.00-5.00 mg force at a vertical feature resolution of 1.0-1.5 µm.
To achieve appropriate statistical values for printed track dimensions, at least ve scans were
done over the length of each track.

Current (I )  Voltage (V ) curves
Current (I )  voltage (V ) characteristics were determined under controlled ambient conditions
in air (21°C, 45 % relative humidity) using a waveform generator (Agilent 33220A) interfaced
with a digital multimeter (Agilent 34410A), as illustrated in Figure 2.1.
High purity conducting silver paint (SPI Supplies) was carefully applied to the ends of the
printed PEDOT/PSS tracks and allowed to dry in controlled ambient conditions (21°C, 45%
relative humidity). Prior to electrical characterization, copper tape with conducting adhesive
(3M Corporation) was fastened over the silver paint to protect the samples when clipping. The
encapsulated tracks (Chapter 7) were exposed for contacting by scraping away the top CH
layer with a scalpel to avoid possible contact resistance issues a direct cut might cause. A
triangular waveform with an amplitude of 3V was used to regulate the voltage applied to the
sample during characterization.

I-V

measurements were made as a function of the number of
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Figure

2.1:

A schematic diagram of the equipment used for electrical

characterization of the printed conducting polymer samples.

layers (inkjet printing), track width or length (extrusion printing), and total number of parallel
tracks. A total of 600 data points were obtained for each sample (1 measurement per second
for 10 minutes).

Spectroscopic characterization
The UVvisible spectra of EB, ES, and PEDOT/PSS solutions were recorded using a Cary
500 UVvis-NIR spectrophotometer, in absorbance mode at a scan rate of 100 nm/min, with
baseline subtraction for the NMP solvent. The corresponding circular dichroism (CD; EB and
ES only) spectra were then recorded with a Jasco J810 circular dichromator, using a scan rate
of 50 nm/min at a constant temperature of 25°C. Scans of EB and ES were conducted at 1 and
24 hours after doping. Two scan passes were averaged together for the nal result. All spectra
for EB and ES solutions were recorded using a 1 mm pathlength quartz cuvette, and spectra
for PEDOT/PSS was recorded using a 5 mm pathlength quartz cuvette.
Prior to spectroscopic characterization, solutions of EB and the doped PAn.(-)-HCSA ESs
in NMP were diluted by a factor of two to give a polyaniline concentration of ca. 1.0 Ö 10−3 M
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(for a four-monomer [tetramer] repeat unit) and an HCSA concentration of ca. 5.0

Ö 10-2 M.

For ES lms, the stock solution was printed onto one half of a 0.01 mm quartz cuvette, and
the dried lm spectra were recorded.
The PEDOT/PSS stock solution was diluted to a concentration of 0.028% prior to spectroscopic characterization.

Four point probe conductivity
The conductivity of polymer lms made by evaporative casting on glass microscope slides was
measured using a JANDEL four-point probe resistivity system (model RM2). The probe tip
contained a linear arrangement of four probes, and works by passing a current through the two
outer probes and the sample, which induces a voltage on the two inner probes. This provides a
sheet resistivity value, which can then be applied to Ohm's Law to calculate the conductivity.
On two clean glass slides, a total of four 50 µL drops of PEDOT/PSS were spaced apart evenly
and dried in controlled ambient conditions (21°C, 45% relative humidity). The current was
set to 1

µA,

and at least ve measurements were taken per sample. A Mitotoyo handheld

micrometer was used to determine lm thickness. A total of six measurements were taken for
the thickness of the slide surrounding the edges of the dried drop. This average value was then
subtracted from the average of six thickness measurements taken on the drops to arrive at a
value for the lm thickness.

Tensile testing
Tensile characterization was done using a Shimadzu Compact Tabletop EZ-S Series EZ Test
tensile tester with a 50 N load cell. Samples were prepared by tting lm sections inside a
paper frame (Fig. 2.2) and securing with double-sided tape. The gauge length was measured
for 1 cm. Once the sample was secured in heavy gauge tensile grips, the sides of the paper
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frame were cut, and the force and distance were calibrated prior to commencing each tensile
test. All samples were stretched until tensile break, at a rate of 100 mm/min.

Figure 2.2: The paper frame used for all tensile measurements.

Optical microscopy
Optical microscopy and image analysis (LEICA DFC290 optical microscope coupled to LEICA
Application Suite software) were used to image the tracks.

Electron microscopy
Electron microscopy was done using a JEOL JSM7500FA cold Field Emission Gun Scanning
Electron Microscope (FEGSEM) at an accelerating voltage of 5 kV, and the secondary electron
images taken with a semi-in lens detector. Samples of extrusion printed PEDOT/PSS tracks
on free standing CH lms were prepared by freeze cracking technique. Briey, the sample was
immersed in liquid nitrogen for 30-40 s, and separately the tip of ne metal tweezers. The
cold tweezers were then used to break the sample, and the fragments removed from liquid
nitrogen and allowed to thaw in controlled ambient conditions (21°C, 45% relative humidity).
All appropriate samples were mounted on double sided carbon tape and sputter coated with
10 nm platinum.
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2.3 Printing methods
Inkjet printing
Inkjet printing was done using a Dimatix DMP 2800 Materials Printer (FujiFilm Dimatix)
(Fig. 2.3), using cartridges (Dimatix part number DMC-11610) which are MEMS-based with
nozzles measuring 21.5 µm in diameter that dispense 10 pL volume drops. Each cartridge has
16 nozzles, spaced 254

µm

apart. The drop spacing (Fig. 2.4a) is controlled by adjusting

the cartridge angle (Fig. 2.4b), and can range from 5 µm (1.1° cartridge angle) to 254 µm
(90° cartridge angle). Print patterns were custom-designed using the Dimatix pattern editor
software, and the drop spacing set to 30 µm (Fig. 2.5), in which case the cartridge angle must
be set to 6.8°.

Figure 2.3: A photo of the Dimatix DMP 2800 Materials Printer.

The cartridge settings were congured such that the ring voltage was 22 V, tickle control
enabled at a frequency of 23 KHz, the temperature adjustment disabled, meniscus setpoint 4.0,
and the cartridge print height 1.0 mm above the substrate. The Dimatix Model Fluid Waveform
(Fig. 2.6) was used to control the ramping of the voltage cycle to the nozzles. A cleaning cycle
for the cartridge was run at the end the end of each printed layer, and consisted of 1 s each of
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Figure

2.4:

a) A schematic illustration showing the relationship of the

cartridge angle with drop spacing.

b) An illustration of the mechanism

for adjusting the cartridge angle on the Dimatix inkjet printer. The arrow
indicates the groove that is lined up with the appropriate cartridge angle
marker.

Image © Fujifilm Dimatix.

spit-purge-spit. A single nozzle was used for printing the patterns, and the performance of
the nozzle was checked using the drop-watcher camera after each 5 layers of the pattern was
printed. If the nozzle showed signs of sputtering or clogging, a new nozzle was selected for the
next 5 layers.

Figure

2.5:

The preview screen of the Dimatix pattern editor interface and a

schematic diagram showing a section of the pattern of tracks at a drop spacing
of 30 µm.
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Figure

2.6:

The Dimatix waveform editor interface, showing the Dimatix Model

Fluid Waveform. Adjustable parameters include level, which is the vertical
height of the highlighted section (red) of the waveform; slew rate, which is
the slope of the segment; and duration, which is the length of time for the
segment.

Extrusion printing
To obtain the extrusion printing results discussed in Chapter 6, PEDOT/PSS tracks (length
2 cm, 1 layer) were deposited onto glass and CH-HA substrates using syringe-controlled deposition. This custom-built deposition system (Fig. 2.7) consists of an Asymtek Automove 402
Dispensing System with programmable xy-motion, manually adjustable z height, and a 5 mL
syringe with a luer lock 100 µm blunt, stainless steel tip, which is pressurized using nitrogen
gas.
For the extrusion printing results discussed in Chapter 7, a custom printing system was built
from a Sherline model 2010 (8021) CNC milling machine, the details of which are discussed
in Chapter 4. All extrusion printed tracks were printed using a 100 µm blunt, stainless steel
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Figure 2.7: The custom Asymtek Automove 402 Dispensing System extrusion printer

with the attached nitrogen gas cylinder and pressure gauge.

Not shown is the

pc used to control the printer.

syringe tip attached via luer lock to a 3 cc polypropylene syringe. The tracks were printed using
a g-code feed rate of F200. The height of the syringe tip above the substrates was about 100

µm.

The tip was manually adjusted to this position prior to the execution of each printing

routine.

To minimize the possibility of back-suck for the viscous ink as the gas ow was

turned on/o, manufacturer-supplied pistons were placed inside the syringes between the ink
and the gas pressure boundary. Nitrogen gas was regulated through an EFD Ultra Dispensing
Station (www.efd-inc.com). The gas ow regulator is capable of pressures from 1-100 psi (0.76.9 bars), with increments of 0.5 psi.

On/o control of the gas ow was achieved using a

custom software interface for a Pololu USB-to-serial microcontroller, which was connected to
the regulator.
The ow rate for PEDOT/PSS paste was was determined by extruding the ink at a constant
pressure of 8.0 +/- 0.5 psi through a 100 µm syringe tip for 5 minutes into a calibrated petri
dish. After 5 minutes of constant extrusion, the petri dish was weighed again. The total weight
of the extruded material was divided by the concentration of 18.6 mg/mL to yield a volume of
3.76 mL, which divided by the time equals a rate of 0.0125 mL/s.
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Capillary force printing
Printing of the PMAS and PEDOT/PSS stock solutions onto glass substrates, and ES solution
with 30mM of L-arginine onto a quartz substrate was done with the custom printing system
discussed in Chapter 4, using capillary force with a 100

µm

at-tipped needle (150

µm

for

PEDOT/PSS). Both substrates were cleaned with Milli-Q and dried prior to printing. Capillary
force printing relies on contact with the substrate to break the surface tension of the ink and
induce capillary ow. Importantly, the height of the syringe tip above the substrate must be
such that scratching does not occur, but still close enough to break the surface tension of the
ink. The movement of the printer guides this capillary ow into the desired print pattern. The
syringe was lled with the stock solution prior to printing.
For PMAS, a single layer of three patterns were printed in sequence, consisting of a
star/circle/spiral, square, and lines. The pattern was designed using a scalable vector graphics
(SVG) editor, exported as a jpeg image, and converted to g-code using the image-to-gcode script
utility227 . Corrections were made for the z-axis heights in the rendered g-code so as to allow for
printing rather than engraving. The glass substrate was stabilized with tape during printing,
and the samples were dried in controlled ambient conditions (21°C, 45% relative humidity).
For PEDOT/PSS, a single layer of parallel tracks was printed onto glass microscopy slides
and dried in controlled ambient conditions (21°C, 45% relative humidity).
For ES, a rectangular print pattern consisting of closely-spaced lines was developed so as to
closely t the area of the quartz substrate (about 8 mm x 40 mm). To stabilize the substrate
during printing, the cuvette was taped to an aluminium block attached to the x-axis of the
printer. The substrate was placed onto a hot plate at 60°C inside a fume hood for 15 minutes
after printing each layer to assist with drying of the NMP solvent. A total of four layers were
printed.

57

CHAPTER 2. METHODS

58

Chapter 3

Fluid Mechanics and Printing

3.1 Basics of uid systems
Fluids are simply matter that exists in the liquid state, and typically exhibit a measurable
elastic yield point up to which an applied shear stress is transmitted. An ideal uid is dened
as being incapable of transmitting shear stress. The closer a liquid is to the solid state  that
is, the more rigid it is  the more the shear stress will be transferred: water in ice form will
shatter when struck by blunt force, but water in liquid form simply allows the blunt force to
pass through (waves are a byproduct of the collision, and dissipate some of the energy). A
liquid assumes the shape of the vessel it is contained in, assumes a free horizontal surface at
rest, and force transfer is summed up over the entire liquid body. When a uid is at rest, all
the forces within must balance to zero. When a force is applied, the shear stress is immediately
dissipated by movement of the liquid around the force.

Understanding the behavior of uids begins with some basic properties. Density (ρ) is
dened as the mass (m ) per unit volume (v ),

ρ=

m
v
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Outside of a vacuum, pressure (p ) acts upon a uid such that force (F ) is distributed over
the total area (A),

p=

F
A

(3.2)

An ideal uid, by denition, cannot transfer shear stress, meaning there is no horizontal
component for a force acting on a uid. Therefore, any forces acting on a uid do so perpendicular to the specic area of the uid being acted on. This can be illustrated in a simple system
model consisting of a cylindrical tube, open at the bottom, inserted into a larger body of uid,
with a column of liquid inside (Fig. 3.1).

Figure

3.1:

A cylinder placed into a fluid body:

fluid from the larger body

will rise to fill the cylinder to reach an equilibrium state where the force
of the fluid inside the cylinder (W ) will cancel the upward thrust (U ) of the
larger body. These two forces are equal but opposite, and can be defined as
the product of the cross-sectional area (A ) of the opening of the cylinder
times the height (h ) times the density (ρ) of the fluid times gravitational
acceleration (g ).
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In the absence of atmospheric pressure, the forces acting on this system are the weight (W )
of the uid in the cylinder, the upward thrust (U ) of the larger uid body, and the forces of
the column on the uid within (which are horizontal and cancel out). The forces

U

and W are

vertical, equal, and opposite. Other important aspects of this system are the cross-sectional
area (A) of the opening of the cylinder, and the height (h ) of the cylinder. Gravitational
acceleration (g ) must be factored in, as well as the assumption of constant uid density (ρ).
Therefore the forces in this system can be described as

F = W = U = Ahρg

(3.3)

F
= p = hρg
A

(3.4)

or

Pascal's Law of pressure states that when pressure is applied to a uid, it is immediately
and equally distributed throughout the uid, without loss. This is because there is no shear
stress in a uid at rest. When atmospheric pressure (P A ) is included as a pressure acting on
the free surface area of a uid, then

Eq. 3.2

becomes

p = hρg + PA

(3.5)

3.2 Viscosity
Viscosity can be thought of as the internal friction of a uid, or the cohesive forces between
the molecules of a uid, and is characteristic of non-ideal uids. In a system consisting of uid
between two horizontal plates (Fig. 3.2), if a constant force (f ) is applied to the one of the
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plates, it will accelerate momentarily before continuing at a constant velocity (v ) across the
adjacent surface. By increasing the number of layers, or thickness, (x ) of the uid between
the plates, the velocity of plate movement with an applied force will be likewise increased. On
the other hand, increasing the surface area (A) of the plates (Fig. 3.3) will result in a velocity
decrease with an applied force.

Figure 3.2:

Fluid movement between two plates when force is applied to the top

plate.

Figure 3.3: If the surface area (A ) of the plates in Figure 2 is increased, the

velocity (v ) of the plate to which a force (f ) is applied will decrease.

The velocity is therefore proportional to force and surface area as such,

v ∝ fx

62

1
A

(3.6)

3.2. VISCOSITY
The viscosity coecient (η ) follows,

η=
which is

dynamic

fx
Av

viscosity, because it relates to the movement of a uid.

(3.7)
From this

relationship, the force can be understood as

f = ηA

v
x

(3.8)

The ow of a uid between two plates as dened in Fig. 2 can then be thought of as the
velocity of several thin uid layers (laminae) stacked one upon another, and is called laminar
ow. When a ow is laminar, viscosity governs the uid movement more than velocity. The
shearing stress of a uid is dened by the force over the area,

τ=

f
v
=η
A
x

(3.9)

or, more precisely, the change of velocity versus the change in thickness,

τ =η

dv
dx

(3.10)

This is Newton's law of viscosity (of which non-Newtonian uids are exceptions).
The discussion covering

Eqs.

3.6-3.10

assumes a closed system with no external energy

added. However, viscosity may be inuenced by a change in uid temperature. In a closed
system, if Pascal's law is followed, the addition of heat as external energy will be evenly
distributed over the body of the uid, and act to loosen the cohesive forces. As long as a
material remains in a liquid phase, any increase in temperature will generally decrease the
viscosity.
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3.3 Turbulence and the Reynolds Number
At very low speeds, resistance (friction) due to viscosity is proportional to the velocity (v ).
However, an interesting phenomenon occurs when the velocity is increased to a critical point:
the resistance increases to the velocity squared. When this occurs, the ow of a uid between
two plates as shown in Fig. 3.3 goes from laminar to turbulent ow. As shown in

Eq. 3.9,

either high velocity (v ) or small distance (x ) will lead to greater shear stress, and in turn,
turbulent ow at a critical velocity. The uid nearest the plates undergoes the greatest shear
stress, while uid near the center between two plates undergoes the least. When a uid moves
through a non-uniform channel, abrupt changes in the contour can dramatically increase the
turbulent ow (Figs. 3.4-3.6).

Figure

3.4:

Fluid moving through a channel that smoothly transitions to a

narrower channel. As long as velocity is low in relation to the viscosity,
the flow will be laminar through the narrow point.

Kinematic viscosity (v d ) is a uid's resistance to ow, and dened as the ratio of dynamic
viscosity (η ) over the density (ρ),

ν=
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η
ρ

(3.11)
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Figure 3.5: The fluid will experience a slight increase in the velocity in order

to move a distance b in the same time it would move distance a for small
angle θ.

The larger the angle θ, the longer distance b becomes with respect

to a, and the greater the likelihood of the flow becoming turbulent at the
narrow region.

The velocity of the uid (v ) times the diameter of the pipe through which the uid is moving
(d ), divided by the kinematic viscosity (v d ) denes the dimensionless Reynolds Number,

νd
νd

Re =

Substituting for kinematic viscosity,

Eq. 3.12

Re =

which is

inertial stress

/

viscous stress.

(3.12)

becomes

νdρ
η

(3.13)

The larger the Reynolds Number the greater the
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chance of turbulence occurring in the uid. Factors that cause the Reynolds Number to increase
are high velocity, low viscosity, and large pipe diameter. In general, the Reynolds Number can
be used as an indicator of the characteristics for the ow of a given uid through a dened pipe,
and for most uids the transition from laminar to turbulent ow is indicated by a Reynolds
Number of about 2000228 . However, this transition can occur for Reynolds Numbers lower
than 2000 if suciently large disturbances are induced in the uid. These disturbances include
sharp changes in pipe direction, roughness, and abrupt narrowing of the pipe boundary walls
(Fig. 3.6). Therefore, a low Reynolds Number for a viscous uid moving through a small
diameter pipe does not preclude turbulence from occurring229,230 .

Figure

3.6:

A pipe with a very abrupt transition to a narrower pipe.

The

abruptness can cause a substantial disturbance to the velocity of the fluid,
which can cause turbulence in the regions indicated.

3.4 Surface tension and the Weber Number
Another property of the cohesive forces of uids is surface tension, and is characterized by the
surface layer of a liquid behaving like a membrane. The cohesive forces of a liquid cause the
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molecules to contract, which is why drops are usually spherical in shape (a sphere is the most
energy ecient shape of a collapsed structure). This collapse minimizes the surface area of the
liquid. To increase the surface area, external energy, or work, must be added to the system. A
simplied expression of this work can be modeled on a spring attached to a block (Fig. 3.7).

Figure 3.7:

A block suspended from a spring in a liquid, where l is the length

of the block and d is the distance the block is lifted.

The work done to lift the block is

W = 2ldTS

where

l

(3.14)

is the length of the block, the factor 2 is due to the two sides of the liquid lm

connected to the block, d is the distance the block is lifted, and T S is the surface tension. (The
block is assumed to be extremely thin so as to eliminate the need to factor in the thickness of
the block as part of l.) Simplied, this becomes

W = Fd
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where

F

is the force acting on the spring and

d

is the distance the block is lifted. By

measuring the work in air, then when lifting the block away from a liquid surface, the surface
tension of the liquid can be determined by the dierence. The surface tension is then dened as

TS =

F
2l

(3.16)

As such, the surface tension is independent of the area of the block, and only dependent
on its length. This means the surface of the liquid is not elastic (non-Newtonian uids are a
possible exception). The technique of using a thin plate to measure surface tension is known
as the

Wilhelmy plate method

231,232 .

Surface tension can also be measured by capillary rise, in which a tube with a very small
diameter is placed into a larger body of uid (Fig. 3.8).

Figure 3.8:

A basic schematic of a capillary rise system for measuring surface

tension.

The Young-Laplace equation is used to relate the capillary rise to the surface tension. A
pressure gradient induces a curve at the uid meniscus, and is dependent on the surface tension
of the uid:

∆P = TS (

1
1
+
)
R1 R2
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The radii are dened to be perpendicular to one another. For this example, R1 is the radius
of curvature, and R2 is the radius of the vessel (Fig. 3.9). Since the vessel for the larger body
of uid has a large radius, and the uid surface is eectively at, both radii are treated as
approaching innity; therefore, the pressure gradient of the surface of the uid in the vessel is
zero (Fig. 3.10).

Figure 3.9:

The radius of curvature (R1 ) and the radius of the vessel (R2 ) for

the capillary tube.

Figure 3.10:

The radius of curvature (R1 ) and the radius of the vessel (R2 ) for

the larger body of fluid in which the capillary tube is placed.

From Figs. 3.9 and 3.10, basic geometry shows that

R1 cosθ = R2
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The concave curvature of the surface indicates that the pressure below the uid interface is
less than the surrounding air pressure233 , so

∆P = −

2TS
2TS cosθ
=−
R1
R2

(3.19)

The hydrostatic pressure in the column of uid in the capillary tube is

(3.20)

∆P = ∆ρgh
where ρ is the dierence in density of the liquid and the gas phases,
gravity, and
and

3.20,

h

g

is acceleration due to

is the height of the column of uid in the capillary tube. Combining

Eqns. 3.19

we get

∆ρgh =

2TS cosθ
R2

(3.21)

The surface tension can then be determined by

TS =

The

pendant drop method

∆ρgh
2cosθ

(3.22)

234,235,236 is another technique for measuring surface tension of a

uid. This technique uses a more complicated calculation to arrive at the value for the surface
tension,

TS =

−∆ρgb2
−∆ρgd2e
∆ρgd2e
=
=
β
β(de /b)2
H

(3.23)

where β is the Bond number (which is determined by the prole shape of the drop 
essentially the

gravitational force / capillary force

237 ),

b

is the radius of curvature,

gravitational constant. The simplication of the equation includes dening
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g

is the

H = -β (d e /b)

2

and
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incorporating the factor

d e,

dependent value is dened,
distance

de

which is the equatorial diameter of the drop. Another shapeS = d s /d e ,

which incorporates the diameter

ds

the measured

from the bottom of the suspended drop (Fig. 3.11), and is proportional to

1/H.

Image analysis software determines these parameters and conducts the calculation.

Figure

3.11:

A representation of a fluid drop suspended from a blunt-tipped

needle for surface tension analysis using the pendant drop method. Shape
analysis is done by computer software, and includes determination of the
equatorial diameter d e as well as the diameter d s measured a distance d e from
the bottom of the drop.

Just as with viscosity, surface tension generally also decreases with temperature. A temperature increase is extra energy added to the system, which reduces the work required to
increase the surface area of the liquid, maintaining the overall conservation of energy. The same
conservation applies when the surface is signicantly increased with no temperature increase:
the work energy added to the system causes a decrease in the temperature of the uid. For the
purpose of measurement, however, the temperature of a liquid is assumed to be constant, and
the measurement is typically done only using small volumes.
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The square of the uid velocity (v 2 ) times the uid density (ρ) times the diameter of the
pipe through which the uid is moving (d ), divided by the surface tension (T S ) denes the
dimensionless

Weber Number

238 ,

We =

which is the inertial
/ capillary force

stress

/ interfacial

ρv 2 d
TS

stress.

(3.24)

It can also be thought of as the inertial

force

234 . The Weber number can provide an indication as to the disruption of a uid

interface given strong inertial forces. A low Weber number (< 100) generally indicates that
the surface tension is the governing force, so a jetted drop will not splash upon impact with a
substrate239 . A high Weber number indicates the uid is governed more by its velocity and less
by its surface tension, so upon impact with a substrate, such a uid would tend to splash240 .

3.5 Contact angle
The contact angle of a liquid on a given substrate is a combined characteristic of the surface
tension properties of the liquid and the surface energy of the substrate. A liquid having a
contact angle greater than 90° on a solid surface is considered not to wet the surface; whereas
a liquid with a contact angle of 0° on a solid surface wets the surface. Contact angle values can
be understood through Young's Equation,

γSL − γSV + γLV cosθ = 0

(3.25)

which states that the surface energies of all the boundaries (solid-liquid, solid-vapor, and
liquid-vapor) must be in equilibrium. The visual representation of this property is shown in
Fig. 3.12.
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Figure 3.12:

The schematic representation of low (< 90) and high (> 90) contact

angles of a liquid drop on a solid substrate.
A standard technique for measuring the contact angle by placing a drop of uid on a solid
substrate is known as the sessile

drop method,

and this technique has been in use since 1946241 .

Factors such as subtle variations in the surface energy or roughness of a substrate may result
in variations of the contact angle measurement from dierent perspectives242 . Therefore, the
contact angle on both the left and right side of the drop, from the viewer's perspective, are
measured.

3.6 Discussion
So what is the relationship between viscosity and surface tension? In large volumes of uid,
these properties are quite distinct and separate: viscosity is a bulk property of the uid, and
surface tension is exclusive to the liquid-air interface. However, these properties begin to
inuence each other when the volumes of uid are very small, involve movement, and exist in
the presence of an air interface. Both viscosity and surface tension, while distinct, are based
on the intermolecular forces of a uid. We can begin by breaking the parameters of these
properties into components,
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Viscosity

η=

Surface tension

fx
Av

=

fx
(lw)v

TS =

F
2l

=
=

f x
l wv
F 1
l 2

Both properties have a component of a force versus a unit length, but this is the fundamental
parameter of surface tension. Viscosity has the additional parameters of distance (x ) versus
width (w ) times velocity (v ). In other words, surface tension corresponds to displacement,
but viscosity includes a rate of displacement. It is important to distinguish the fact that while
viscosity can aect how a uid behaves at the surface, its parameters are based on measurements
within

the uid away from the surface. The area measured for viscosity involves only the tube

or channel the uid passes through and the distance between the walls. The force involved
is external, and the uid must be moving (velocity cannot equal zero). Surface tension, on
the other hand, is strictly a property of the stationary uid at its surface. The external force
involved is that of pulling a surface (such as a thin plate)

away

(thereby expanding the surface

area of the uid) from the uid while the uid is otherwise at rest. The total area of that
surface does not matter, only its length across the uid surface.
Surface tension can also be thought of as capillary attraction243 , and this property is also
the restoring force244 when a very short wave is introduced on the surface of a very small volume
of uid. The phase velocity of the wave is

vphase =

where

TS

p

2πTS /λρ =

p

(2π/λ)(TS /ρ)

(3.26)

is the surface tension, λ is the wavelength, and ρ is the uid density.

If gravity is included with capillary attraction, the phase velocity becomes

vphase =

p

TS k/ρ + g/k
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Capillary waves can provide an important indication of the dominance of surface tension,
because the smaller the wavelength, the greater the eects of surface tension245 .
Additionally, surface tension can be expressed using Cartesian coordinates246 to describe the
relationship of external force (such as the lifting of a plate using the Wilhelmy plate method
for measuring surface tension) with the internal cohesive forces of the liquid. When an external
force is applied to a liquid, the resulting internal uid force F and deformation along two edges
(x, y) of a small area, for some vertical displacement



∂
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∂u
TS
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∂
+
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∂u
TS
∂y


∆x∆y

(3.28)

The direction of the force of surface tension is tangent to the surface. The external force

f

applied to the uid is opposite, so it is written as

f =−

Since this means

Eq. 3.28

∆F
∆x∆y

(3.29)

can be rewritten as



∂
f =−
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∂u
TS
∂x



∂
+
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∂u
TS
∂y



(3.30)

the external force can be simplied to

f = −∇ · (TS ∇u)

(3.31)

Therefore the displacement of the uid becomes

∇2 u = −
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and from the initial equation for surface tension, we nd that

(3.33)

∇2 u = −2l
The similarity of

Eq.

3.32

to the diusion equation for electrostatics247 is notable, and

solutions to electrostatic problems can point the way to better understanding uid mechanics234 ,

∇2 φ = −

ρ
0

(3.34)

Yet, is there some kind of correlation that can be drawn between the viscosity and the surface
tension? When it comes to the consideration of moving uid through very small channels, as
in microuidics or printing, the answer is yes. If the object is to inkjet print a uid, then the
Ohnesorge number

248 (Eq.

3.35 )

can provide a strong indication of the printability of the uid.

Oh = √

Briey, η is the viscosity, ρ is the density,

η
ρdTS

TS

is the surface tension, and

(3.35)

d

is the nozzle

diameter. This value is the ratio of the square root of the Weber numberwhich is the
dimensionless term for surface tension-related stressdivided by the Reynolds number which
is the dimensionless term for viscosity-related stress,

√
Oh =

We
Re

(3.36)

If the Ohnesorge number is too high (Oh > 0.2) or too low (Oh < 0.1), then the likelihood
of being able to jet the uid is small, and is explained by Basaran, et al. as the inability
of a proper drop to form and eject with the given uid parameters249 . While adjusting the
voltage waveform for inkjet printing can provide minor tweaking of drops250 for easily jetted
uids, it will not be able to compensate for uid parameters falling outside an ideal range.
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The reason for this is because the droplet ejection takes advantage of the conditions for jet
instability rst studied by Rayleigh251 . Pneumatic pressure can be used instead of voltage to
eject drops from nozzles similar in size to inkjet, and can allow for drop formation within a
larger range of Ohnesorge numbers252 . However, the time required for drop formation increases
from microseconds to milliseconds.
It may be tempting to think that by using a surface tension/viscosity relationship such
as the Ohnesorge numberto tune the parameters of a uid to fall within an ideal range, the
uid will be guaranteed to print. This, unfortunately, is not the case, especially for uids
containing polymers253 . The product of extensional rate (E R ) and the relaxation time (τ ) of
a uid jet, known as the

Deborah number

(Eq.

3.37 ),

is found to be a dimensionless indicator

of whether the uid will behave in a Newtonian or non-Newtonian manner,

De = τ ER

(3.37)

Generally, a Deborah number approaching zero indicates a uid that will behave in a
purely viscous (Newtonian) way; and a Deborah number approaching innity indicates a
uid will behave in a purely elastic (non-Newtonian) way. Extensional viscosity is dened
as the viscosity of a uid jet as it is being driven out of a nozzle. Newtonian uids generally have extensional viscosity values that are three times the shear viscosity, while independent of extension rate. The addition of polymers to a uid, though, actually changes
the shear viscosity, surface tension, or density values such that the extensional viscosity can be
more than three times its shear viscosity, and becomes a function of extension rate. This increase
in extensional viscosity in relation to the extension rate is eectively strain hardeningand this
is what limits the ability to inkjet print polymer solutions.
Syringe printing of a uid somewhat follows the same rules, but instead of printability being
guided by the Ohnesorge number, a more appropriate guidance number is the dimensionless
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capillary number

254 ,

Ca =

where η is the viscosity,

v

ηv
TS

is the velocity, and

(3.38)

TS

is the surface tension. A low capillary

number indicates a uid that can be easily expelled from a syringe with minimal pressure due
to its low viscosity (< 100 cP)255 . The surface tension of the uid dominates for such a uid in
a syringe system. On the other hand, a high capillary number indicates a uid that can only
be expelled from a syringe with an applied pressure gradient countering the viscous friction.
Poiseuille's Law256 (Eq

3.39 )

gives us the rate at which an incompressible viscous uid ows

through a cylindrical tube when pressure is applied.

F low =

P ressure × Diameter4
Length × V iscosity × 8

(3.39)

While the uid itself can be tuned in regards to its viscosity or surface tension, the velocity
component of a capillary number can also be tuned by changing the syringe tip size. Poiseuille's
Law can serve to indicate whether or not a uid should be printable by extrusion given a chosen
syringe tip size. Hence, syringe printing is not as dependent on a narrow set of uid parameters,
nor is the addition of polymers a particular limitation to the printability of a uid.
Aside from the method of deposition, the contact angle of the uid once it has engaged
the substrate is important for the overall outcome of printing. Once a drop is placed on a
substrate, it will spread until it reaches a state of equilibrium in its environment (maximum
diameter, lowest possible contact angle). From the moment the equilibrium state is reached,
evaporation begins to uniformly reduce the height of the drop. The radius of the drop will
not change, because its contact line is pinned to the substrate. Since the pinned contact line
prevents the drop radius from shrinking, the evaporative ux forces uid to ow from the center
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of the drop towards the edge. This process cycles with the evaporative ux, and the result is
most of the material in the uid gets moved to the outer edge of the drop, forming a ring234
(the so-called coee stain eect). The process cycle is essentially capillary wave action caused
by Marangoni convection. Small particles will be overcome by the surface tension of the uid
as drying occurs, and move with the wave only to be left drying at the drop edge where the
wave terminates. Particles large enough to overcome the surface tension will rst move to the
edge of a drop, then retreat back to the center as the wave oscillates257 . The shape of the drop
remains constant during this processonly the volume of liquid decreases. The width of the
resulting ring is an indicator of the concentration of the uid and the particle size distribution.
The ring eect can be mitigated by several possible factors. The chemistry of the substrate
may be modied so as to induce tight bonding with the materials dissolved or dispersed in the
uid. The addition of a surfactant to bring about the lowest possible contact angle reduces the
height of the drop and maximizes the surface area, and thereby the evaporation ux which
leads to a shorter drying time. The use of an external heat source (or cooling source) can
also aect the drying time, and combined with regulating the spacing of subsequent drops can
inuence the uid dynamics of the drying process to virtually eliminate the ring stain eect258 .
While in some cases the contact line pinning that results in the ring stain eect is not
desired, the process that causes it can be exploited as a micromanipulation tool259,260 . Physical
alterations to the substrate can also have a dramatic eect on the contact angle261 , and the
contact angle itself will aect how the uid drop will dry262 . Overall, the contact angle behavior
of the drop wholly depends on the interactions at the contact line boundarythe solid-liquidgas interface263 . As such, the contact angle is an important indicator of structural printing
outcome, which should be considered alongside the initial uid requirements for printability.
Though the combined inuence of the uid properties of viscosity, surface tension, and
contact angle play into the printability of a uid, they intersect particularly for capillary
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printingthat is, printing using capillary force. A typical conguration for capillary printing
requires the syringe reservoir to be exposed to the same constant atmospheric pressure as the
syringe needle. This prevents a vacuum from building inside the reservoirair is allowed to
replace the uid volume lost due to printing, keeping the pressure gradient constant. The lack
of a vacuum in the reservoir allows a uid drop to become suspended below the end of the
syringe needle. Fluids with higher surface tensions may require a slight amount of external
pressure to induce an initial convex drop, which would be maintained through the printing
process by the capillary force when contact is broken with the substrate264 .
Capillary printing depends on the presence of a drop suspended from the end of the syringe
needle, so the height of the suspended drop is important, but the contact angle of the uid drop
and the evaporation ux become less important to printability. There are no uid parameters
requiring adjustment, except perhaps the size of the syringe tip, since capillary printing is done
using gravity against the viscosity and surface tension of the uid. Contact with the substrate
breaks the surface tension and allows uid to ow by capillary force onto the substrate. As
long as printing is being done, uid is owing, and evaporation ux tends to be of marginal
importance. However, if the printing is stopped and the syringe raised, then the suspended
drop begins to evaporate similar to a sessile drop on a substrate. The contact line is pinned
to the edges of the syringe needle (the drop cannot spread beyond the diameter of the needle),
and the shape of the drop will atten. The meniscus will become drier as it begins to form a
plug. While there would obviously be a contact angle variance with such evaporation ux, it is
still relatively unimportant in regards to actual printability. For example, if the contact angle
is simply 0°relative to the horizontal plane at the end of the needle (no drop suspended below
the syringe needle), then

Eq. 3.22

for surface tension becomes

 
1
TS = ∆ρghR2
2
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(3.40)

3.6. DISCUSSION
Although the syringe needle is connected to a larger reservoir, the measurements concerning
the solid-liquid-gas interface within the reservoir are not relevant to those at the end of the
syringe needle. It is only crucial for the pressure gradient to remain that of the atmosphere so as
not to create a vacuum. The material composing the reservoir can be dierent than the lining
of the syringe needle, so the contact angles can be wildly dierent. Most importantly, though,
the syringe needle has a very small radius compared to the reservoir, so the miniscule amount
of uid exposed to the air interface at the needle's tip will have an accelerated evaporation
ux beginning at the edge and working towards the center237,255 , aecting the shape235 of the
suspended drop. This drying further complicates calculations involving contact angles, because
the contact angle of the drop changes from an advancing contact angle to a receding contact
angle234 . If the uid has dried and formed a solid plug in the syringe needle, then
invalid. If the contact angle equaled 90°, then

Eq. 3.22

Eq. 3.38

is

would be invalid due to division by

zero. A drop with a contact angle greater than 90°(Fig. 13) from a needle implies a negative
surface tension if calculated using

Eq 3.22.

This, in turn, would give a negative value to the

capillary number.
However, revisiting

Eq. 3.23,

which is used to measure the surface tension in the pendant

drop method, we see that the contact angle between the uid and the needle is not always
important234 for measuring surface tension,

TS =
In the case for

Eq. 3.22

−∆ρgb2
β

(3.41)

where the drop contact angle is 0°, we still have a value for surface

tension based on the density dierence and gravity; but, in the case of

Eq. 3.23,

the surface

tension would be zero if the radius of curvature (b 2 ) was found to be zero. The apparent
contradiction simply means that there will be a radius of curvature when the contact angle is
greater than 0°, and the cases where the contact angle equals 0°or is ≥ 90°are not typical 
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Figure 3.13:

force.

Schematic of a drop suspended from a syringe needle by capillary

For contact angles exceeding 90°, the drop radius Rd would exceeds the

needle radius Rn , and calculating surface tension based on the contact angle
can lead to a negative value.

Either of these scenarios will still allow

printing to be done by capillary force, so it becomes apparent that there will
be a drop suspended some distance if the contact angle is at least greater
than zero.

particularly for capillary printing. If the meniscus is still liquid and not dried to form a plug,
then there has to be a non-zero value for surface tension. By this understanding, then, the only
important uid qualications for printing using capillary force are that the surface tension be
a reasonable value such that the uid will be suspended some positive distance from the end of
the syringe needle. Depending on the uid, the syringe tip can be selected so that its diameter
is large enough to allow for the slightly suspended drop.

3.7 Conclusions
Fluid properties are essential to the printability of a liquid. More importantly, however, is
the understanding that seemingly distinct properties are actually intertwined when it comes
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to overall uid behavior. Viscosity relates to the force applied to uid movement over a given
area, so the values for that area and the force applied become important in accurately depicting
the viscous behavior of a uid. The Reynolds number indicates when a uid will become
turbulent, due to the interaction of its viscosity, velocity, and the interaction with its solidphase surroundings.
While surface tension must be within a recommended range for inkjet printing, the Weber
number actually provides a better indication of

how

the surface tension inuences the jetting

of the uid and the drop formation on the substrate. The Weber number states that velocity,
uid density, and nozzle diameter are one side of a coin, balanced by surface tension on the
other. Both the viscosity and the surface tension inuence the printability of a uid, which
in turn means related parameters should be considered, as well. The Ohnesorge number then
relates these two apparently distinct properties and its related parts to provide somewhat of a
summary indicator of the uid behavior.
However, uids with polymers in them behave in a more viscoelastic mannerthat is, they
can exhibit both Newtonian and non-Newtonian characteristics. Enter the Deborah number,
which adds the dimension of time: the uid relaxation time and its extension rate. Short times,
meaning a small Deborah number, indicate the uid is viscous in behavior, and long times
indicate elastic behavior. For printing uids using larger diameter nozzlessyringeswith or
without added external pressure, then the capillary number can provide enough guidance as
to the printability of a uid. It is a simpler relationship of just the viscosity, uid velocity,
and the surface tension. Yet even these various summary indicators of uid behavior are not a
guarantee as to the printability of a uid. Perhaps the best way to consider the distinct uid
properties and related summary indicators is that they are merely guides.
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Chapter 4

Design and Construction of a Custom

Printer

4.1 Why build a custom printer?
Common retail inkjet printers often require hardware modications265,266,267,268

to

accommodate scientically interesting materials and substrates. This can include simply using
tape to secure a poly(vinylidene uoride) (PVDF) membrane to a sheet of paper269 , or outright deconstruction and reverse engineering of the cartridge components to enable printing
onto rigid substrates like glass slides (Fig. 4.1). More sophisticated commercial printers are
available specically for laboratory requirements, and these can include temperature control for
the printing tool and platen, environmental control, enhanced software controls for cartridge
performance, cameras to record deposition quality and consistency or for positioning, cleaning
pads, and an ultra-violet (UV) lamp for curing. Nevertheless, systems for printing in the
materials research laboratory still leave much to be desired.
Most commercial systems are expensive (Fig. 4.2), may not have hands-on support from
the manufacturer, and are intended to work with a limited, select range of materials (inks) for
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Figure

4.1:

A custom-built inkjet printing system made from the cartridge

components of a Hewlett-Packard retail inkjet printer, consisting of a) a
custom power supply, b) the cartridge housing and circuitry, c) the alligator
clips to connect appropriate cable pin pair combinations to cause a cartridge
nozzle to jet, and d) the moveable stage to control the pattern of deposition.
Not shown is an oscilloscope used to control the amplitude and frequency of
the voltage for the power supply.

Figure 4.2:

Price quotes for two different commercial laboratory-grade printer

systems.
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a given application. The intended use of a commercial printer system is a key indicator of
possible material limitations, because researchers may often want to print a highly variable
repertoire of materials.

Examples of commercial inkjet printing systems are the Dimatix

Materials Printer and the XenJet. As inkjet printers, compatible inks are recommended to
have low viscosity (10-12 mPa·s), low surface tension (28-33 mN/m), and particle sizes 200 nm
or less270 . The Dimatix printer is only compatible with Dimatix cartridges, which only have
16 nozzles and allow for drop sizes of either 10 pL or 1 pL. On the other hand, the XenJet
is compatible with several dierent types of inkjet cartridges, but the system can only be
congured for one type of cartridge, and cannot be built to accommodate cartridges from
dierent manufacturers. Further, adding two cartridges (the maximum the XenJet can have)
to the system reduces the printable area. With either of these commercial inkjet systems,
the diculty for the researcher lies in the signicant time and money required for repetitive
testing of materials inks to achieve optimal results. An incompatible ink can quickly destroy
the expensive cartridges used with these systems, and it is not ideal to simply keep replacing
cartridges for each rheological adjustment of the ink. Diluting an ink, such as chitosan or gellan
gum, might be the only way to ensure it can be printed with an inkjet printer, but creating
practically useful structures would require many layers to be printed. Inkjet cartridges can be
heated up to 60° C to assist with lowering the viscosity and surface tension of the inks, but due to
the small nozzle sizes of 2-22 µm, this can sometimes have the undesired eect of material build
up around the nozzle. An example of a commercial extrusion printer system is the Bioplotter
(envisionTEC). For this system, the syringes are proprietary, and must be purchased from
the printer manufacturer. As an extrusion printer, the viscosity range of the material inks is
greater than inkjets. Additionally, the syringes can be heated up to 250° C to melt and extrude
materials such as polycaprolactone without the need for solvents. The gas pressure required for
the Bioplotter is 6-8 bars (87-116 psi), so this would exclude printing materials with viscosities
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greater than 12 mPa·s but less than about 2000 mPa·s, because the high pressure would force
too much material out of the syringe at once. Each of these commercial systems uses the
manufacturer's proprietary software interface, which can be another limiting factor, especially
if the structure a researcher wishes to print does not conform to the system's specications.
A custom-built printer system, therefore, allows a greater degree of freedom and addresses the
specic printing needs of the researcher.
In order to construct a custom printer, it is important to dene what the system needs to be
able to do, in terms of hardware and software requirements. This includes consideration of the
properties of the desired printed structures, what materials and solvents will be used, and the
uid properties of the inks containing these materials. A printer designed to print conducting
polymers for light-emitting diodes (LEDs) or solar panels might not work well for fabrication
of biological tissue scaolds. No one printer is perfectly adaptable to all applications. However,
a custom-built printer can allow for a much more exibility in the design than commercial
printers.

4.2 Hardware considerations
To begin with, the system must have a controllable set of axesat least two, but three are
necessary for three dimensional printing. Each axis must be perpendicular to the other, and
the movement of the axes has to be properly synchronized when printing. The stepper motors
driving the axes movement must be durable. Consideration can be given to speed versus
torquethe greater the speed, the less the torque. Greater speed might be better for a printer
handling inkjet deposition (with the ability to re hundreds of drops per second), but less
important for a printer working with highly viscous materials (the speed would need to be
suitable for the extrusion rate and the preferences of the user). Stepper motors with greater
torque can allow for extrusion printing with the syringe needle submerged in a viscous solution,
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as the torque can overcome the viscous drag of the solution bath. Low speed does not preclude
inkjet deposition from being used but if the nozzle ring occurs at a faster rate than the axis
speed, subtle gradients in the pattern of a material structure will suer, as the drops will tend
to be stacked one on top of the other. Resolution is an important aspect of the printing system,
more so because it depends on both the motors and the printing tool used. The
resolution

repeatability

should be considered as the possible movement error or drift that might occur when

printing a multi-layer sample and/or using more than one axis (Fig. 4.3). To a small extent,
the deposition tool (Fig. 4.4) can aect the repeatability resolution, but this impact is dynamic
and will vary. For example, if an inkjet cartridge res a drop o at an angle such that it lands
away from the intended pattern, this becomes an error in the repeatability resolution. The
printing resolution

(feature size of the printed structure) really depends on the system as a

whole: the deposition tool, the printing speed, the ink, and the substrate. The ink and the
substrate are codependent factors that impact the printing resolution due to the drying time
of the ink solvent and the contact angle on the substrate.

An understanding of the dierent types of deposition tools can be benecial in the design
considerations. Three typical deposition tools that can be attached to a printer system are
inkjet cartridges, syringes, and sprayers. Inkjet cartridges work by using either heat or a
piezoelectric crystal271 to dispense drops out of nozzles that typically range in diameter from
21.5 to 80

µm272.

Continuous mode inkjet systems can jet thousands of drops per second,

and are intended for high-speed graphical applications, while drop-on-demand (DOD) systems
dispense smaller drops with greater precision273 . An extrusion printer will extrude viscous inks
with gas or pneumatic pressure through syringe needles with internal diameters of 35 µm to
1.6 mm. An aerosol attachment274 also uses pressure, and atomizes the ink before it reaches
the substrate.
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Figure 4.3: A) The repeatability resolution of multiple layers of a single line

(only one printer axis used).

The potential error shift in the movement is

noted by the delta (∆), and the arrow indicates the directional movement of
the axis. B) The repeatability resolution of a series of lines (two printer
axes used). The potential for error shift in the directional movement for
printing the lines (indicated in green) is noted by the red delta (∆) for
one axis, and the blue delta (∆) for the second axis.

The arrows indicate

the directional movement of the axes. Not shown are the possible additional
errors that may be seen due to the printing tool depositing material away from
the intended pattern.

4.3 Software considerations
The software interface is a bridge between the user and the hardware. It can be rudimentary,
as in a raw program with no graphics; or, it can be more advanced and provide full graphical
control. While a raw programming interface can be the quickest to implement and begin using,
this benet is far exceeded by the long term cost of lengthier training time for new users and
lengthier development time for each new printed structure. A graphical user interface usually
requires more upfront development cost, but pays o in the long term with its exibility and
ease of use.
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Figure 4.4: A conceptual schematic representation of a three-axis printer system

with a stage, showing bi-directional axes that are each perpendicular to one
another, as well as a few possible deposition tools and their associated
print resolutions. For a custom-built printer system, the designer is free
to assign vertical axis movement to either the stage or the deposition tool,
and the deposition tools are interchangeable without significant modifications
to the printer system.
When choosing components with which to build a custom printer system, sometimes the
hardware and software are intertwined as a proprietary pair by the manufacturer. Utmost care
should be taken when considering components with this kind of lock-down. Such a manufacturer
might not envisage his product used in a custom-built printing system. Therefore, there could
be limitations in printing applications, including axis movement and programming. If the
desired printed structure is geometrically complex, the program to render movement to trace
the image might include mathematical calculations such as tangents, cosines, and sines, as well
as variables that need to be periodically read and looping structures. A manufacturer who
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makes moveable stages for ultra ne microscopy might not incorporate the capability for these
kinds of complexities. The programming language in this case might not be a widely used
standard, which adds to the work cost of using such stages.

4.4 CNC milling machine printer
In seeking to solve the problem of building a custom printer for this Ph.D. project, a search for
controllable 3-axis systems was undertaken. Most prominent among the systems found were
Computer Numerical Control (CNC) Milling Machines. Modern milling machines evolved from
rotary ling systems (lathes) used in the early 1800s275 . By the 1950s, these systems could
handle ling, boring, and grinding in three dimensionswith manual axis adjustments. As
computer systems became more advanced, stepper motors began to take over the manual axis
adjustments, leading to modern CNC milling machines.
The CNC milling machine meets the requirements of a printing system. It has 3 axes, each
perpendicular to the other. Movement is reasonably fast (about 20 mm/s), and the motors
are certainly durable given they are designed for applying pressure to grind materials such as
metal. A milling image is usually designed using computer-aided design (CAD) software, and
as such CAD has become the de facto standard for milling images. Milling machines come in
all sizes, from several meters long to benchtop. The benchtop model was the most appropriate
for use as a printer primarily because of its size.
The system that was chosen came from Sherline Direct, a company that began as Sherline
Products in Melbourne in 1972276 . This system came complete with the computer and the
motor control card, and was fully compatible with open source (free) software. The monitor
was purchased separately, as was an aluminium mounting plate. The repeatability resolution
for this system is 25

µm,

which was suitable for nearly all the intended applications. The
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Sherline CNC machine arrived partially unassembled. Assembly took approximately two days,
as detailed in Appendix A.

4.5 Deposition tools for the CNC milling machine printer
The operation of the milling system had to be adapted to function as a printer, as milling
involves carving down materials into structures, whereas building structures up through deposition is required. All the machine attachments are designed for grinding or carving, so these
are set aside. Images for printing, therefore, are essentially two-dimensional (or a stack of twodimensional patterns if printing 3D structures). The milling machine is highly versatile in that
any deposition tool can be connected to the machine: a marker, a syringe, an inkjet cartridge,
a sprayer, or any other appropriate tool. Syringes with luer locks and at tips were used,
combined with a controllable gas ow regulator, both from EFD (Engineered Fluid Dispensing,
www.efd-inc.com). The gas ow regulator is capable of pressures from 1-100 psi (0.7-6.9 bars),
with increments of 0.5 psi. The regulator was controlled using a Pololu SciLabs USB-to-serial
microcontroller (Fig. 4.5) and a custom software interface.
To attach the syringes for printing, velcro strips were axed to the side of the attachment
block on the z-axis (Fig. 4.6). Two rubber erasers were cut with notches in the center area of
one at side. Mounting the syringe then involved placing the syringe between the two notched
sections of the erasers, then securing it using a velcro strap which fastened to the side strips.
The tips vary in size and material construction. The internal diameter of the stainless steel
tips range from 100 µm to 1.6 mm. Of the many available tips, some are lined with PTFE
(Teon); made of polyethylene; are conical-shaped or needle-shaped. A common problem with
printing systems is clogging, where the ink aggregates and partially dries on the printing tool,
reducing the print consistency or preventing further printing (see Chapter 1). The printing tool
must then be switched out with a new one, so there is a time and material cost associated to
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this issue. A typical Hewlett-Packard inkjet cartridge retails for about $40, and the Dimatix
cartridges cost $60 each. The EFD syringe tips, on the other hand, only cost about $0.90
each. When a syringe tip clogs, it is a simple, inexpensive, and brief operation to change the
tip. The printing can be paused and resumed from the exact position it left o, unlike inkjet
and other proprietary printing systems. This exibility certainly adds to the appeal of using a
custom-built printer.

Figure

4.5:

a) The Pololu SciLabs USB-to-serial microcontroller used in

conjunction with a custom software interface to turn gas flow on/off during
printing.

b) The circuit diagram of the microcontroller.

Image © Pololu

Corporation.

4.6 Software interface for the CNC milling machine printer
The manufacturer's software interface was replaced with Ubuntu Linux 8.04 with EMC2
(Enhanced Machine Controller, www.linuxcnc.org). To control the gas ow regulator (which
manages the pressure of nitrogen delivered to the syringe for extrusion printing), a custom tcl
(tool command language) script was written giving the user a graphical interface with which
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Figure

4.6:

A photograph of the attachment block on the z-axis of the CNC

milling machine: the syringe (1) is held in place by rubber erasers (2) with
notches cut in them, fastened to the attachment block (3) on the z-axis with
Velcro.

to send a small voltage to the regulator via the Pololu SciLabs USB-to-serial converter (rst
voltage transmission equals on, second voltage transmission equals o).
The CNC machine is controlled by programs written in g-code277 , which is a movementoriented programming language. The language can handle variables, mathematical calculations,
loop structures, and functions. However, there is no object-oriented capability, such as importing library les. These advanced programming techniques allow for easy re-use of code as well
as the ability to modularize frequently used functions. Easy re-use means less re-programming
for new movement patterns, and modularization allows for less cluttered code, as the entire
function block is called as an external module. For the most part, this is not terribly limiting,
as most researchers using printing are still focusing on relatively simple structures278,279,280 .
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Most commercial CAD programs include an option to export a design as g-code. Since the
printed patterns we were interested in did not require a great degree of complexity, there was
no need for commercial CAD software, and the g-code les were created and modied using an
ordinary text editor. One particularly nice feature of the EMC2 software interface is the ability
to preview a print pattern and to watch an animation of the printing in real time (Fig. 4.7).
This is useful to verify that a pattern looks as expected and that the printer will move as
desired, and can be done virtually without running the milling machine.

Figure

4.7:

The EMC2 software interface for the CNC milling machine printer

system, showing the preview of the image to be printed.
image can be found in Appendix B.
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4.7 Using the CNC milling machine printer
Setting the system up to print simply involves manually moving the stages so that the needle
tip is located in the appropriate XY position relative to the substrate. The z-axis is manually
adjusted to bring the needle to the desired height above the substrate (about half the tip
radius for capillary printing (see Chapter 3); about the radius of the tip if extrusion printing,
so as to allow the material to contact the substrate nearly immediately upon extrusion, which
helps control patterning; as high as 10 cm281 if inkjet printing). Before printing can begin, the
user must set the `home' position for each axis in the EMC2 interface. The home position is
arbitrary, but must be declared by this step to allow for a return to the home position once the
printing cycle is done. Then the safety switch (Fig. 4.8) on the computer is turned on, and the
user presses `play' in the EMC2 interface (Fig. 4.9).

Figure

4.8:

The hardware safety switch on the computer for the CNC milling

machine printer system.

As the image path is traced by the printer, the software interface shows the corresponding
position relative to the remaining parts yet to be printed (Fig. 4.10). This feature allows the
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user to have a good idea of the time left to complete the printing. Additionally, this provides
the user with a visual timing mechanism when a pattern (such as a series of tracks) requires
manually clicking `on' and `o' for the gas pressure at appropriate points, such as the end of
a layer. While a properly programmed multi-layer image allows the user to walk away until
printing is done, manual intervention is still required to turn the gas pressure on or o.

Figure 4.9: The play button (circled in red) in the EMC2 interface to execute

the printing process.

One benet of the axes having a manual adjustment knob is the ability to pause the printing
and manually ne tune the placement of the syringe, if necessary. If the user wishes to adjust
the height of the syringe, but continue printing during this adjustment, the data control cable
to the z-axis can simply be unplugged to allow the manual adjustment. The exible, real-time
adjustment capability is an advantage of this custom-built printer system, which usually cannot
be done with a commercial printer.
The substrate is mounted on an aluminium plate (bolted onto the x-axis), usually with tape,
and can be within a wide range of thickness (not exceeding 200 mm, which is the movement
range of the z-axis). This printer can even print on a sloped surface if the slope dimensions are
known.
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Figure

4.10:

The real-time progress of the printing is indicated by the red

overlay on the white print preview image.

4.8 Conclusions
Based on the preceding experience, the easiest custom printer to build is one based on an
existing hardware platform with similar patterned movement requirements as printing, such as
a CNC milling machine. The software interface for a CNC milling machine is generally robust
and provides a nice feature set for researchers seeking to use such a system for printing. The
programming code for a CNC milling machine, g-code, is made more accessible by wide industry
use and the tie-in with CAD programs, which makes this type of custom printer most ideal for
researchers. A printer based on a CNC milling machine can be ready for use quickly, and is
the most exible custom system for the dynamic requirements of a laboratory environment.
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Chapter 5

Analysis of the Chiroptical Properties of

Capillary Printed Polyaniline

This chapter demonstrates that printing by capillary force is a method suitable for low viscosity
inks outside the tolerance of inkjet. The method is inherently simple, requiring contact between
the substrate and the uid to induce capillary ow. Parts of this chapter appear in the article,
C. A. Mire, L. A. P. Kane-Maguire, G. G. Wallace, M. in het Panhuis,

Inuence of added

hydrogen bonding agents on the chiroptical properties of chiral polyaniline,

Synthetic Metals,

2009, 159, 715-717.

5.1 Results
Characterization of polyaniline inks
Solutions of polyaniline (PAn.) emeraldine base (EB) were acid-doped, resulting in polyaniline
emeraldine salt (ES). The doping was conducted in the presence of amino acids and characterized by UV-visible and circular dichroism spectroscopy to investigate the eect of amino acids
on the stability of the chirality of ES. The EB stock solution exhibits a characteristic excitation
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band282 at ca. 625 nm and a π -π * band at ca. 325 nm in the UV-vis spectrum, as shown
in Fig. 5.1a. When the EB is doped with 0.10 M (-)-HCSA the colour of the stock solution
quickly changes from blue to green. The resulting UV-vis spectrum (Fig. 5.1b) shows a π -π *
band at 345 nm, and a polaron band at 415 nm and 810 nm, which is typical of ES in compact
coil formation283 . The CD spectrum (Fig. 5.2) of the ES solution conrmed the polymer was
optically active, with bands at ca. 340, 405, and 455 nm corresponding with the absorption
bands, in excellent agreement with literature287,284 . Further, the intensity of the CD spectrum
decreased as the concentration decreased.

Figure

5.1:

Typical UV-vis spectra of a) undoped PAn.

emeraldine base (EB)

and b) doped PAn.(-)-HCSA emeraldine salt (ES) in NMP solvent, using a 5 mm
pathlength quartz cuvette.

The eect of adding varying amounts (15-90 mM) of L-arginine to the EB/NMP solution
prior to acid doping with 0.10 M (-)-HCSA was studied. The UV-vis spectra of these stock solutions with varying amounts of L-arginine showed little dierence to those without L-arginine.
Additionally, the eect of dierent amounts of L-arginine had little impact on the position and
intensity of the CD bands of the PAn.(-)-HCSA products. Interestingly, higher concentrations
of added L-arginine signicantly reduced the intensity of the CD spectra: the addition of 90 mM
L-arginine reduced the intensity of the CD bands at 410 and 455 nm by nearly 50% (Fig. 5.3).
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Figure 5.2: Circular dichroism spectra for PAn.(-)-HCSA emeraldine salt products

in the concentration range of 0.10-0.50 mg/mL (a-e, respectively), showing
the decreasing intensity with decreasing concentration.

The enantionomeric

PAn.(+)-HCSA salt (0.50 mg/mL) (f) is also shown for comparison. The spectra
were obtained using a 1 mm pathlength cuvette.

Figure

5.3:

CD spectra of PAn.(-)-HCSA emeraldine salt products with various

concentrations of L-arginine [a) 30-45 mM; b) 0 mM; c) 90 mM] added to the
EB/NMP solution prior to acid doping with 0.10 M (-)-HCSA. These spectra were
obtained using a 1 mm pathlength cuvette.
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After 24 hours, PAn.(-)-HCSA solutions containing concentrations ≥60 mM L-arginine
underwent a colour change from green to blue, and the UV-vis spectra showed a transition
to that of EB (Fig. 5.4). The CD spectra showed a slight reduction in the optical activity at
the 410 and 455 nm bands (Fig. 5.5), corresponding to gradual de-doping of the ES to EB. It
is a known eect that in NMP solvent partial or complete deprotonation of ES to EB occurs
at low concentrations (less than 0.5 mg/ml)285 .

Figure 5.4:

UV-vis spectra after 24 hours of PAn.(-)-HCSA solutions containing

a) 60 mM and b) 90 mM L-arginine.

These spectra were obtained using a 1 mm

pathlength cuvette.

For PAn.(-)-HCSA solutions containing ≤ 30mM L-arginine, the UV-vis spectra did not
signicantly change after 24 hours, compared to solutions without L-arginine (Fig. 5.6). The
observed partial solvent-induced de-doping of the ES was expected given the low polymer
concentration of 0.38 mg/ml.
The CD spectra also conrm the solvent-induced de-doping, as the intensity in the region
of 330-500 nm of PAn.(-)-HCSA solution without L-arginine decreased signicantly after 24
hours (Fig. 5.7). However, the CD spectra for the PAn.(-)-HCSA solution containing 30 mM
L-arginine was virtually the same after 24 hours, indicating that L-arginine might be acting as
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a short-term stabiliser for the ES form of polyaniline, temporarily inhibiting solvent-induced
de-doping eects.

Figure

5.5:

CD spectra after 24 hours of PAn.(-)-HCSA solutions containing

a) 60 mM and b) 90 mM L-arginine.

These spectra were obtained using a 1 mm

pathlength cuvette.

Figure

5.6:

UV-vis spectra of doped PAn.(-)-HCSA after 24 hours: a) without

L-arginine, and b) with 30 mM L-arginine added to the NMP/EB solution prior to
acid doping. These spectra were obtained using a 1 mm pathlength cuvette.
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Figure

5.7:

CD spectra after 24 hours of doped PAn.(-)-HCSA emeraldine salt

products a) with 30 mM L-arginine

added to the EB/NMP solution prior to acid

doping with (-)-HCSA, and b) without L-arginine.

These spectra were obtained

using a 1 mm pathlength cuvette.

The optical activity of the ES solutions can be further analysed using the dissymmetry
g-factor (∆ε/ε, where ∆ε is dened as the CD intensity in mdeg, and ε is the extinction
coecient286 ), dened by Drake287 as the ratio of the CD intensity in mdeg/(UV-vis absorbance
x 32980) at a given wavelength. This g-factor provides an indication of the stereochemical
selectivity (enantiomeric purity) of the polymerisation reaction. The g-factors for spectra
measured 1 hour after production of the ES solutions, with and without the addition of 30
mM L-arginine were found to be similar, at g = -1.4 x 10-3 at 455 nm. After 24 hours, the gfactor for ES without added L-arginine greatly decreased, whereas the ES containing L-arginine
showed only a slight decrease (Table 5.1).
Further experiments using 30mM other amino acids (glycine, L-alanine, L-tyrosine, L-valine)
showed similar results in the UV-vis and CD spectra (Fig. 5.8) after 24 hours as ES solutions
containing L-arginine. The g-factors for these ES solutions containing 30 mM other amino acids
showed a similar stability after 24 hours as ES solution containing 30 mM L-arginine.
The measured spectra and the g-factor analysis conrms the diastereoselectivity of
PAn.(-)HCSA ES is stabilized in the presence of 30 mM of an amino acid. The inhibition
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Table

5.1:

Dissymmetry g-factors at 455 nm for PAn.(-)-HCSA emeraldine salt

solutions after 24 hours, with and without 30 mM of amino acids added to the
emeraldine base/NMP solutions

Sample

Figure

5.8:

prior to acid doping with HCSA.

g-factor (x 10 ) at 24 hours
-3

PAn.(-)-HCSA

-0.93

Glycine

-1.22

L-alanine

-1.23

L-tyrosine

-1.27

L-valine

-1.29

L-arginine

-1.33

CD spectra after 24 hours of doped PAn.(-)-HCSA emeraldine salt

products a) with 30 mM of various amino acids added to the EB/NMP solution
prior to acid doping with (-)-HCSA, and b) without amino acid.
were obtained using a 1 mm pathlength cuvette.
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of solvent-induced de-doping can be attributed to H-bonding of the amino acid to EB prior
to acid doping. It follows that this would aect the hydrogen bonding of the chiral (-)-HCSA
dopant to the amine groups along the EB chain, which are thought to play an integral role in
the induction of optical activity in PAn.(-)-HCSA288,289 .

Capillary printing
Rheological characterization of the PMAS ink (concentration 50 mg/mL) at 21° C found the
viscosity to be 7.1 mPa·s at a shear rate of 16 s-1 , which decreased to 3.9 mPa·s at a shear rate
of 75 s-1 , and the surface tension was determined as 55 mN/m. Further analysis of the viscosity
versus the shear rate was done using the power law model, dened by

Eq. 5.1,

(5.1)

η = K(s)n

where η is the viscosity,

K

is the consistency,

s

is the shear rate, and

n

is the power law

coecient 290 . The power law model indicates the uid exhibits the shear thinning of a nonNewtonian pseudoplastic, as the power law t (Fig. 5.9) shows. The coecient
0.1267 is less than 1, and the consistency

K

is 68.9

± 8 mPa·sn.

n

= -0.7411

±

However, the power law is not

a good t. Analysis of the shear stress versus the shear rate can be done using the Bingham
model, dened by

Eq. 5.2,

τ = τ B + ηB s

(5.2)

where τ is the shear stress, τ B is the yield stress, η B is the Bingham ow coecient, and s is
the shear rate. The Bingham model predicts that the uid will ow like a liquid with constant
viscosity η B once the yield stress has been exceeded291 , and the calculated yield stress depends
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Figure 5.9:

The viscosity flow curve for the PMAS ink at a concentration of 50

mg/mL. The line is a fit to Equation 5.1.

on the shear rate range applied. In the case of the PMAS solution, though, none of the data
could be tted to the Bingham model.
Because the narrow rheological guidelines for the Dimatix Materials Printer (ink viscosity
of 10-12 mPa·s, and surface tension between 28-33 mN/m292 ; also see Chapters 3 and 6)
exclude low viscosity materials such as PMAS, capillary printing was investigated as a possible
solution to allow printing using this ink. The concept was tested by printing a simple pattern
consisting of close tracks and spaced tracks on a photo paper substrate (Fig. 5.10b). Single,
spaced tracks were also printed on PET. The tracks in the test print were found by visual and
optical microscopy inspection to be consistent, so a more sophisticated pattern consisting of
was designed, comprising a star/circle/spiral, close tracks, and spaced tracks. A single layer of
this pattern (g-code source in Appendix B) was printed using capillary force (Fig. 5.10c) on a
glass substrate and characterized by prolometry and scanning electron microscopy.
Static contact angles (see Chapter 3) of the PMAS solution were determined as 24° (right)
and 22° (left) on glass, and 69° (right) and 72° (left) on PET. The width of the capillary
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printed tracks was found to be 459

±

18

µm,

and the height was 0.305

±

0.005

µm

(Fig.

5.11a). Scanning electron microscopy analysis showed the eect of contact angle on the printed
structure, as the track printed on glass was dicult to distinguish, while track on PET is more
distinct (Figs. 5.11b and 5.11c).

Figure

5.10:

a) An image of the CNC Printer printing PMAS by capillary force

onto a glass substrate; b) a photograph showing the result of using capillary
printing to print PMAS solution (concentration 50 mg/mL) into a test pattern
consisting of spaced and close tracks on a photo paper substrate; and c) two
identical patterns of capillary printed PMAS showing the reproducibility of
this printing method.
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Figure 5.11: a) A representative profile of a capillary printed track of PMAS on

glass, scanning electron microscopy (SEM) images of a track of PMAS capillary
printed on b) glass and c) PET. The track is difficult to distinguish on glass
due to the low contact angle of the PMAS ink.

The scale bar on the SEM images

represents 10 µm.

Capillary printing optically active ink
To investigate whether this PAn.(-)-HCSA could be used as an ink, ES solution with 30 mM
L-arginine added to the EB prior to acid doping was capillary printed onto quartz cuvettes
(Fig. 5.12). The ES ink has a ow similar to that of PMAS. Once the lms were dry, the CD
and UV-vis spectra were obtained.
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Figure

5.12:

An image of the dry capillary printed film of PAn.(-)-HCSA

emeraldine salt solution (0.76 mg/mL), to which 30 mM L-arginine was added
prior to acid doping with (-)-HCSA.
The typical bands (UV-vis: 345, 415, and 810 nm; CD: 340, 405, and 455 nm) for optically
active ES were conrmed for the printed lms, and agreed with the results for PAn.(-)-HCSA
solution (Figs. 5.13 and 5.14). However, the intensities of the spectra were weaker than those of
solution, indicating the thin capillary printed lm contains less material than the stock solution
in a 1 mm pathlength quartz cuvette.

Figure 5.13: a) CD spectra of capillary printed films of PAn.(-)-HCSA emeraldine

salt products, with 30 mM L-arginine added prior to acid doping.
substrate was one half of a 0.01 mm pathlength cuvette.

The

For comparison, b)

the CD spectra of the solution, obtained using a 1 mm pathlength cuvette, is
shown normalized to 1.46 for the absorbance peak at 405 nm.
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Figure

5.14:

a) UV-vis spectra of a capillary printed film of PAn.(-)-HCSA

emeraldine salt products, with 30 mM L-arginine added prior to acid doping.
The substrate was one half of a 0.01 mm pathlength cuvette.

For comparison,

b) the normalized UV-vis spectra of the solution is shown, obtained using a
1 mm pathlength cuvette.

5.2 Discussion
Printing polyaniline-based inks has been previously investigated293,294 using inkjet printing.
However, these inks were within the optimum viscosity range for inkjet printing, and did not
use solvents with characteristics which can be destructive to inkjet cartridges295 . Although it
is possible to inkjet print inks which have a viscosity of 1.5 mPa·s or lower, doing so can still
result in reduced printing consistency due to excessive satellite drops296 , or atypically large
drops ejected from the inkjet nozzle297 .
For the PMAS ink, the apparent viscosity of about 4 mPa·s falls well below the recommended
range of 10-12 mPa·s for the Dimatix Materials Printer. The surface tension of 55 mN/m far
exceeds the recommended range of 28-33 mN/m. Because successful inkjet printing is highly
dependent on specically tuned ink properties such as viscosity and surface tension298,299 , its
use as a deposition tool for inks such as PMAS can be somewhat limited. Options to improve
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the printability of PMAS (or other polyaniline-based inks) include modifying the rheological
properties of the ink, or using dierent inkjet hardware. However, both of these options are
related, because to ensure printability on a specic printer, the ink formulation must meet the
rheological tolerances for that hardware300 .
Capillary printing oers a possible alternative to inkjet printing. Given that the printing
method is syringe-based, should an ink's viscosity and surface tension properties not allow
capillary printing using a given syringe tip size, the tip can simply be switched to another
size until one is found that works. It is far more cost-eective to replace syringe tips than to
replace inkjet cartridges or an entire inkjet printer. The capillary printing method also saves
time, since inks do not have to be rheologically tuned. The technique of printing by the use
of capillary force expands the possible range of polyaniline-based inks to include aqueous inks
with low viscosity and inks using organic solvents.

5.3 Conclusions
Solutions of the fully sulfonated polyaniline derivative, PMAS, exhibited low viscosity outside
the recommended range for inkjet printing using the Dimatix Materials Printer. However, at a
concentration of 50 mg/mL the PMAS solution was found to be a suitable ink for printing by
capillary force. A single layer of the capillary printed PMAS was about three times thicker than
typical single layers of materials printed by inkjet. The results of the capillary force printing
method were shown to be reproducible.
The chiroptical properties of chiral PAn.(-)-HCSA ES products are aected by the addition of amino acids to the EB/NMP solution prior to acid doping with (-)-HCSA. After
24 hours, solutions of PAn.(-)-HCSA ES products without added amino acids showed partial
deprotonation to EB as a result of the solvent-induced de-doping, as conrmed by the CD and
UV-vis spectroscopy measurements. This results in decreasing optical activity as the PAn.(-)114
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HCSA is converted to racemic EB. With the addition of amino acids prior to acid doping of the
EB/NMP solution with (-)-HCSA, though, the ES and its diastereoselectivity were stabilised.
The stabilization is believed to occur as a result of hydrogen bonding of the amino acids to the
EB chains, impacting the possible sites for the (-)-HCSA dopant to bond at. Printed lms of
PAn.(-)-HCSA ES with 30 mM of L-arginine exhibited the same spectra as the solution, albeit
with much weaker intensity, indicating the thin lm contained less material than the stock
solution in a 1 mm pathlength quartz cuvette. Ultimately, we have shown that low viscosity
solutions can be printed using the novel technique of capillary printing.
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Chapter 6

Inkjet and Extrusion Printing on Dry,

Glass-supported Biopolymer Films

In this chapter, inkjet and extrusion printing are compared as methods for creating
PEDOT/PSS structures on biopolymer substrates.

Higher resolution can be achieved by

inkjet printing, but viscosity of the ink presents some limitations. Extrusion printing, on
the other hand, can operate with a larger range of ink viscosity, albeit with a sacrice of
resolution. Electrical resistance is another key distinction between these printing methods, as
it is dependent on the amount of material in the printed structure. Parts of this chapter appear
in the article, C. A. Mire, A. Agrawal, G. G. Wallace, P. Calvert, M. in het Panhuis,

Inkjet

and extrusion printed conducting poly(3,4 ethylenedioxythiophene) tracks on and embedded in
biopolymer materials,

Journal of Materials Chemistry, 21, 2011, 2671-2678; and the conference

proceedings, C. A. Mire, M. in het Panhuis, P. Calvert, G. G. Wallace,
Using Non-Contact Printing,

Printing Nanomaterials

IEEE Conference Proceedings (ICONN2010), accepted.
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6.1 Results
Ink characterization
An aqeuous dispersion of PEDOT/PSS was synthesized.

Spectroscopic analysis of the

PEDOT/PSS dispersion by UV-vis (Fig. 6.1) shows low absorption for the π -π * transition at
570 nm and higher absorption for wavelengths >700 nm, conrming doping of the polymer301 .
The concentration of the stock solution was determined by allowing 1 mL of the solution to
dry and calculating the dierence between the wet and dry weight. The concentration was
determined to be 18.4 mg/mL.

Figure 6.1:

UV-vis spectrum of the PEDOT/PSS dispersion at a concentration of

0.5 mg/mL.

The apparent viscosity of the dispersion was measured at 21° C and found to be 131 mPa·s at
a shear rate of 3 s-1 , and this decreased to 12 mPa·s at a shear rate of 75 s-1 . The surface tension
was also measured at 21° C and found to be 27 mN/m. For the PEDOT/PSS paste, the concentration was 36.8 mg/mL, and its apparent viscosity at 21° C was 34400 mPa·s at a shear rate
of 3 s-1 , which lowered to 249 mPa·s at a shear rate of 75 s-1 . Applying the power law model as
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discussed in Chapter 5, analysis of the apparent viscosity versus the shear for the PEDOT/PSS
inks shows the uids exhibit non-Newtonian pseudoplastic shear thinning (Figs. 6.2a and 6.2b),
with similar coecients for the dispersion (n = -0.8497 ± 0.04723) and the paste (n = -0.7357 ±
0.01223)both less than the value of n = 1 for a Newtonian uid. The consistency coecient K
was found to be 423.34 ± 12.52 mPa·sn for the dispersion, while the more viscous PEDOT/PSS
paste showed a signicant increase in the consistency coecient K to 68516.4 ± 282.13 mPa·sn .

Figure 6.2: The viscosity flow curves for a) PEDOT/PSS ink at a concentration of

18.4 mg/mL, and b) PEDOT/PSS paste at a concentration of 36.8 mg/mL. The lines
indicate a fit with Equation 5.1 (see Chapter 5).
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The shear stress versus the shear rate of the PEDOT/PSS dispersion, when tted to the
Bingham model (Fig. 6.3a), results in a yield stress of 320.31 ± 71.3 mPa and a plastic viscosity
of 51.76

± 8.1 mPa·s.

The more viscous PEDOT/PSS paste (Fig. 6.3b), by comparison, has

a yield stress of 98546.14

± 687.3 mPa and a plastic viscosity of 2039.73 ± 78.4 mPa·s when

tted to the Bingham model. The shear rate range for the Bingham model ts for both inks
was 3-13 s-1 .

Figure

6.3:

The graph and straight line refer to the Bingham model (Equation

5.2, see Chapter 5) analysis of the a) PEDOT/PSS dispersion at 18.4 mg/mL
concentration, and b) PEDOT/PSS paste at 36.8 mg/mL concentration.
selected shear rate range is 3-13 s-1 .
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Contact angle measurements (see Chapter 3) for the dispersion were done on several substrates (Table 6.1), including PET and poly(lactic acid)/poly(lactic-co-glycolic acid) (PLGA)
for comparison. Notably, the contact angle changed over time on the chitosan/hyaluronic acid
(CH-HA) biopolymer substrate. A swelling eect in the biopolymer substrate was observed
while the contact angle was undergoing change, and the reducing contact angle over 5 minutes
indicates an interaction between the substrate and the test liquid. The contact linethat is,
the edge of the dropremained pinned on the biopolymer substrate during this time. On
non-CH substrates, the contact angle remained constant.

Table

6.1:

Contact angles for the PEDOT/PSS dispersion on a glass microscopy

slide, PET, poly(lactic acid)/poly(lactic-co-glycolic acid) (PLGA), and
chitosan/hyaluronic acid (CH-HA).

Substrate

Left Contact Angle ( ) Right Contact Angle ( )
°

°

Glass slide

30.4

29.5

PET

95.5

96.5

PLGA

88.0

87.6

CH-HA

111.8

111.4

CH-HA (after 1 minute)

102.3

101.2

CH-HA (after 2 minutes)

94.0

93.6

CH-HA (after 5 minutes)

68.3

67.8
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Extrusion Printing
PEDOT/PSS paste was extrusion printed as a grid pattern onto PET (Fig. 6.4), and as a
pattern consisting of ve parallel tracks onto glass and CH-HA substrates (Fig. 6.5). As
suggested by the observed changing contact angle of the PEDOT/PSS dispersion on CH-HA
while the contact line remained constant and pinned, solvent diusion into the CH-HA lm
would be expected to inuence the shape and structure of the printed track compared to
glass (Fig. 6.6a-b). Although the contact angle of the dispersion was static on PET, optical
microscopy analysis of the extrusion printed grid pattern on PET showed track widths varied
between 120.9

±

13.4

µm

and 216

±

13.4

µm,

and depended on the linear print direction

(perhaps due to the x and y axis stepper motors of the printer being out of sync). When the
linear print direction was kept constant, as for the printed parallel tracks, the track widths
were more consistent based on the substrate, and found to be 522

± 22 µm and 180 ± 10 µm

for the glass and CH-HA substrates, respectively. Prolometry analysis (Fig. 6.6c) shows the
tracks on CH-HA are higher and narrower than those on glass, and the CH-HA lm thickness
was measured as 15.6

± 1.5 µm.

The cross-sectional area of the extrusion printed track (Fig.

6.6c) was calculated by

integrating the area under the curve as determined by prolometry using

Z
Across =

h(x)dx =

X

Eq. 6.1,

hi ∆w

(6.1)

where h is the height, which is a function of the position along the x axis. The approximation
of the the cross-sectional area can then be calculated as the sum of the height values multiplied
by the width increments. On CH-HA, the cross-sectional area was found to be 620

± 80 µm2,

and on glass this was 1220 ± 150 µm2 . Because the extrusion printer deposits the same amount
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Figure

6.4:

a) Image of the extrusion printer depositing the PEDOT/PSS paste

into a grid pattern on PET; b) optical microscopy image of the grid pattern on
PET.

Figure 6.5: a) Optical microscopy of five extrusion printed tracks of PEDOT/PSS,

and b) an enlarged view of image a).

of material on each substrate, the dierence in the cross sectional area indicates some of the
material may be absorbed beneath the surface of the CH-HA substrate.
The current-voltage (I-V ) characterization showed the extrusion printed PEDOT/PSS grid
on PET exhibited linear Ohmic behaviour (Fig. 6.7); therefore, Ohm's Law (Eq.
followed to calculate the resistance (Eq.

6.3 )

from the slope of the

the random path between the electrodes.
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6.2 )
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curve as 45.6 kΩ over
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Figure

6.6:

a) Optical microscopy of an extrusion printed track on glass, b)

on chitosan-hyaluronic acid (CH-HA) film, and c) profilometry analysis of
the extrusion printed tracks on (1) CH-HA film and (2) glass.

The scale bar

represents 200 µm.

(6.2)

V = IR

Because the path length and total cross-sectional area are not known, the calculated resistance is the total resistance (R T ) which includes the electrode-sample contact resistance (R C ),

RT =
where

l

l
+ RC
σA

is the path length, σ is DC conductivity, and

(6.3)
A

is the cross-sectional area.

Similarly, the slope of the current-voltage (I-V ) characterization can be used to calculate
the resistance of the extrusion printed tracks. Since the results show all tracks exhibited linear
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Figure 6.7: Current-voltage (I-V ) characteristics for the extrusion printed grid

(inset) of PEDOT/PSS paste on PET.

Ohmic behaviour (Fig. 6.8a), the resistance was calculated from the slope of the current-voltage
(I-V ) characterization using

Eqs. 6.2

and

6.3.

Connecting up to ve tracks in parallel gives

the expected decrease in resistance as the number of tracks is increased, demonstrating that
the resistance is very reproducible (Fig. 6.8b).
The resistance of a single track (length = 2 cm, 1 layer) extrusion printed onto glass is
30 kΩ/cm, whereas the resistance of a single track on the CH-HA substrate yields a higher
resistance of 120 kΩ/cm. As noted for the resistance of the printed grid on PET, these resistance
values likewise are the total resistance (R T ) of the system, and include electrode-sample contact
resistance (R C ).
Knowing the path length and the total cross-sectional area allows further analysis for the
printed tracks that was not possible with the printed grid on PET. Since previous work by in
het Panhuis, et al.302,303 has shown that the contact resistance for similar systems with silver
paint is eectively less than 1 kΩ,

Eq 6.3

can be simplied such that the DC conductivity can
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Figure

6.8:

a) Current-voltage (I-V ) characteristics of a single extrusion

printed track (1 layer, length = 2 cm) of PEDOT/PSS paste on (1) glass and (2)
chitosan-hyaluronic acid (CH-HA) film.

b) Total resistance versus the inverse

of the number of parallel tracks (1 layer, length = 2 cm) on CH-HA film.
be evaluated as shown in

Eq. 6.4,

σ=

l
RT A

(6.4)

in the specic case where the contact resistance (R C ) is signicantly less than the dimensional
components of total resistance (R T ),

l
>> RC
σA
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The calculated conductivity for extrusion printed tracks on CH-HA and glass is 1.3
S/cm and 2.8

± 0.4 S/cm, respectively.

± 0.2

It should be noted these conductivity values are the

result of a two-probe method. For a PEDOT/PSS lm prepared by evaporative casting on glass,
four-point probe characterization determined the sheet resistance of the lm as 437.8

± 38.7

Ω/. The lm thickness was measured as 9.4 ± 2.8 µm, so the conductivity is 2.3 ± 0.6 S/cm.
These conductivity values agree with previously reported results (0.4  10 S/cm) for untreated
PEDOT/PSS lms304,305,306 . The reduced conductivity of the tracks on the CH-HA substrate
could be due to the interactive eect of the biopolymer substrate on the drying conditions of
the PEDOT/PSS, such that the conducting polymer chains are not as well connected307 as
those on glass.

Inkjet Printing
As discussed in Chapter 3, inkjet printing requires careful optimization of the printing parameters
in order to achieve the best results. The PEDOT/PSS ink itself was not modied after synthesis
so as to minimize variables when comparing the properties of the inkjet and extrusion printed
structures, and only the drop spacing was optimized (see Chapter 2). If the drop spacing
is too large, there will be no contact between adjoining drops, hence, the tracks will not be
continuous308 . In evaluating the drop spacing, the contact angle of the ink on the substrate
should also be considered. Tracks were inkjet printed onto the dierent substrates listed in
Table 6.1. PET and PLGA were included for comparison purposes. Substrates with very
high contact angles are more likely to produce artefacts such as the coee-stain eect 309 or
disconnected drops (Fig. 6.9a-c). Surfaces with low contact angles, reduce the contact area of
the drop on the substrate, and are less likely to result in artefacts in the nal printed structure
(Fig. 6.9d). The optimization, therefore, should balance the contact angle of the ink on the
substrate with drop spacing such that the drops are close enough for contact while minimizing
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artefacts (see Chapter 3 for further discussion). Drop spacings of 5, 10, 15, 20, and 30 µm were
compared. Between 5-15 µm drop spacing, the drops were found to signicantly overlap. At
20 µm drop spacing, the drop overlap was less signicant. For this experiment, we found the
optimum drop spacing to be 30 µm for the CH-HA substrate (Fig. 6.9e).
Using the viscosity and surface tension values for the PEDOT/PSS dispersion, the Ohnesorge
number (Oh) can be calculated to indicate if the dispersion should be printable, using Eq.

3.35.

For an inkjet cartridge with a nozzle diameter of 21.5 µm310 , yielding a drop size of approximately 10 pL, Oh = 0.11, and this is within the desired Oh range of 0.1-0.2 (see Chapter 3).

Figure

6.9:

Tracks of PEDOT/PSS inkjet printed in a) 3 layers on PET at 5

µm drop spacing, b) 4 layers on PET at 20 µm drop spacing, c) 15 layers on
poly(lactic acid)/poly(lactic-co-glycolic acid) at 30 µm drop spacing, d) 15
layers on glass at 30 µm drop spacing, and e) 15 layers on chitosan-hyaluronic
acid film at 30 µm drop spacing.

The scale bars represent 300 µm.
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Sets of 5 tracks were printed from 5-45 layers in increments of 5 layers per set (Fig. 6.10) on
CH-HA lm, and on glass for comparison. Track heights were determined by AFM (Fig. 6.11).
For the 15 and 45-layer tracks on CH-HA heights of 1.31

±

0.04

µm

and 3.12

±

0.04

µm

were obtained, respectively. The average thickness per layer for the rst 15 layers is 88 nm
per layer. The per layer thickness decreases slightly to 79 nm per layer from 16 to 45 layers,
indicating some eect of the build up of material. On glass, however, the height of 15 layers
is 0.62

± 0.10 µm,

resulting in an average thickness per layer of just 40 nm. The CH-HA

lm thickness was measured as 11.6

± 0.6 µm using contact prolometry.

analysis of the track width of the 15-layer sample shows it to be 50
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± 11 µm on glass.

analysis using

Eq. 6.1

Optical microscopy

± 5 µm on CH-HA, and

Comparison of the cross-sectional area of 15 layers by prolometry
(Fig. 6.10c) shows the value to be 41

± 2 µm2 on CH-HA, and 49 ±

2 µm2 on glass. The dierences in the physical dimensions for the same amount of material
deposited in 15 layers on the two dierent substrates is indicative of the reaction of the ink
with the CH-HA substrate. This suggests some of the material is being absorbed beneath the
surface of the CH-HA substrate.
Because the inkjet printed layers are built up using drop volumes of 10 pL, multiple layers
of PEDOT/PSS must be printed in order to reach measurable electrical resistance (Fig. 6.12a).
The total resistance (RT ) is 6.1 MΩ for 5 inkjet printed layers, 1.3 MΩ for 15 layers, and 207
kΩ for 45 layers, and the contact resistance (RC ) is close to zero. Figure 6.12b shows that the
resistance is inversely proportional to the build-up of layers, the slope of the linear t results
in a resistance of 1.45 MΩ/cm. When evaluated with
of 0.73

± 0.11 S/cm.
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this yields a conductivity value
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Figure

6.10:

a) Tracks of PEDOT/PSS inkjet printed on glass-supported CH-HA

substrate in 5-layer increments from 5 to 45 layers.

b) An optical microscopy

image of a 15-layer track of PEDOT/PSS on the CH-HA film.

c) Profilometry

analysis of the inkjet printed tracks on (1) CH-HA film and (2) glass.

Figure 6.11:

Atomic force microscopy images for 15 and 45-layer inkjet printed

tracks and their respective profile analyses.
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Figure

PEDOT/PSS

6.12:

a) Current-voltage (I-V ) characteristics of inkjet printed

tracks (length = 2 cm) from 5-45 layers.

b) Total resistance

versus the inverse of the number of inkjet printed layers (10-45 layers).

Capillary force printing
Tracks were printed by capillary force (see Chapters 3 and 5) using the same PEDOT/PSS ink
that was printed by inkjet. The results in Chapter 5 showed capillary printing is capable of
creating structures using low viscosity inks. However, inks such as the PEDOT/PSS solution
which is within the viscosity guidelines of the Dimatix inkjet printercan also be printed
using capillary force.

As discussed in Chapter 3, capillary force printing, unlike inkjet,

does not require any ink variables to be optimized,

because it relies exclusively

on the capillary ow of the ink when the surface tension is broken by contact with the
substrate.

In this case, though, printing optimization was done through the hardware.
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Initial print testing with the tip size of 100

µm

(internal diamter) used in Chapter 5

did not result in successful capillary printing of PEDOT/PSS. However, the next available
size tip of 150

µm

(internal diameter) was found to accommodate the PEDOT/PSS ink,

and this was used to create the sample.
A total of 7 tracks of PEDOT/PSS each 2 cm in length were capillary printed
on a glass substrate (Fig. 6.13a). Prolometry analysis (Fig. 6.13b) of the tracks showed
the height to be 548

± 6 nm,

These tracks exhibited linear
Using Eq.

6.3

and the width 454
I-V

±

19

µm

for a single layer of material.

characteristics (Fig. 6.13c), indicating Ohmic behavior.

with the calculated cross-sectional area (Eq.

6.1 )

of 249 ± 9 µm2 , the resistance

of a single track was determined from the slopes of the I-V curves to be 856 kΩ/cm. Therefore,
the conductivity is estimated by

Eq.

6.4

to be 0.80

±

0.17 S/cm. As the capillary force

printing method requires a at, even substrate in order for contact between the ink and the
substrate not to be broken, using this technique on CH-HA lms was not possible.

6.2 Discussion
The widths of the extrusion and capillary printed PEDOT/PSS tracks on glass are similar,
at 522

± 22 µm and 454 ± 19 µm,

respectively. However, the heights of these tracks were

distinctly dierent due to the amount of material deposited. Tracks of the more concentrated
PEDOT/PSS paste were found to be 2.65

± 0.29 µm in height.

On the other hand, single-

layer tracks made by capillary printing, which uses the same ink as inkjet printing, were only
548

±6 nm in heightcomparable the 620 ± 10 nm height of the 15-layer inkjet printed tracks.
Since the PEDOT/PSS dispersion is half the concentration of the paste, higher

electrical resistance would be expected for inkjet and capillary printed tracks compared to
extrusion printed tracks. The results of the

I-V

measurements have shown this is the case,

with the resistances of inkjet, capillary, and extrusion printed tracks calculated as 1.45 MΩ/cm,
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Figure 6.13: Characterization of tracks of the PEDOT/PSS dispersion printed

onto a

glass

substrate by

capillary force with

a 150 µm syringe tip:

a) Optical microscopy image, and b) profilometry for a single track, and
c) current (I )  voltage (V ) curves for the capillary printed tracks of
PEDOT/PSS, shown for a connected set of 4 to 7 tracks.

856 kΩ/cm, and 120 kΩ/cm, respectively. Even small increments in the amount of material
deposited, as shown for the inkjet printed tracks from 5-45 layers, correlate the relationship
between the amount of material deposited and the electrical resistance.
Of these three printing methods, inkjet printing requires the most optimization. Although
it is possible to modify the ink by adding surfactants or humectants to improve printability182 ,
such modications were not done to the PEDOT/PSS ink in order to minimize the variables
for comparing printed samples. While the PEDOT/PSS paste was certainly more viscous than
the solution, chemically, they were the same. Further, using the PEDOT/PSS solution without
133

CHAPTER 6. INKJET AND EXTRUSION PRINTING ON DRY, GLASS-SUPPORTED
BIOPOLYMER FILMS
chemical modication served to highlight the exibility of capillary printing in particular, since
the ink is the same used for inkjet printing. Printability for the capillary force method was
achieved simply by changing the 100 µm (internal diameter) syringe tip to a larger one. The
contact angle of the substrate aects all printing methods. However, for substrates with low
contact angles on which inkjet printing is to be done, the drop spacing must also be optimized.
If the ink is outside the viscosity tolerance of the inkjet printer, though, it is not likely to be
successfully printed using this method.

6.3 Conclusions
Three printing methods were investigated for deposition of PEDOT/PSS (Table 6.2) inks.
Inkjet printing of conducting polymers is most suited for applications where high resolution
of about 60 µm or smaller is of particular importance. However, because inkjet structures are
small, the measured resistance will be highalthough the resistance decreases as more layers
of material are deposited. Still, the resistance results of a few hundred kΩ/cm means inkjet
printed devices are suitable for sensors311 ,312 . Extrusion printing sacrices print resolution,
but resistance is much lower due to a greater amount of material being deposited. If extrusion
printing is further optimized, resistance may be a magnitude of tens of kΩ/cm for tracks approximately 200 µm wide, which is suitable for powering small devices. Capillary printing results in
the same resistance as inkjet printed tracks, but with the lower resolution of extrusion printed
tracks. Added with the fact that capillary printing only works properly on at substrates, it is
clear the technique has limited applications.
Printing conducting polymer materials onto biopolymer substrates has several key advantages. Foremost is greater exibility versus rigid substrates such as glass, which is paramount
for exible electronic devices and physiological applications, since mammalian tissues are soft
and exible. Contact angles can play an important role in cell adhesion313 , and can inuence
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Table 6.2: Summary of printing results

Method

R
σ
Number of Track Volume Ink Used Substrate
(kΩ/cm) (S/cm) Layers
( m)
µ

3

± 11

15

98

dispersion

CH-HA

1.3

± 0.2

1

2440

paste

CH-HA

0.80

± 0.17

1

498

dispersion

Glass

Inkjet

207

0.73

Extrusion

120

Capillary

856

feature resolution for printed structures. The pinning of the contact line by solvent diusion
into the CH-HA substrate yields taller, thinner structures of the deposited material than those
printed on glass. Absorption beneath the substrate surface could also serve to anchor the
material for use in the wet environment needed for cells.
As previously emphasized for the design of tissue engineering scaolds, the nal application
of the conducting biopolymer device should be the determining factor314,315,316 as to which
printing method to use. For applications where print resolution is critical, inkjet should be
the printing method of choice, with the recognized limitation of current bearing capability
(only about 0.6 µA at 3 V for 45 layers of PEDOT/PSS). Capillary printing lies somewhere
in between extrusion and inkjet methods in terms of resolution and performance, with single
layer track widths on glass similar to extrusion, but track heights similar to about 7 layers
of material deposited by inkjet; and the current bearing capability is about 5 µA at 3 V for
a single one-layer track of PEDOT/PSS. Where print resolution is not as critical, extrusion
printing can be quicker and easier, and yield tracks capable of carrying a higher current load
(13 µA at 3 V for a single one-layer track of PEDOT/PSS). Extrusion printing allows far more
exibility, however, for the types of structures that can be made and the printing conditions
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they can be created in. Specically, extrusion printing can be used to print structures within
a liquid, something that is dicult to accomplish using inkjet or capillary printing methods.
This will be discussed in the next chapter.
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Chapter 7

Encapsulating Conducting Polymer

Tracks in a Biopolymer Matrix

In this chapter, a simple liquid-in-liquid extrusion printing method is described for creating
encapsulated PEDOT/PSS tracks within chitosan. Viscosity characteristics between the ink
and the liquid printing platform are important factors that aect the success of this printing
method. The morphology and electrical resistance of the encapsulated tracks are compared
with extrusion printed tracks on the surface of free standing chitosan lm variations. Parts of
this chapter appear in the article, C. A. Mire, A. Agrawal, G. G. Wallace, P. Calvert, M. in
het Panhuis,

Inkjet and extrusion printed conducting poly(3,4 ethylenedioxythiophene) tracks

on and embedded in biopolymer materials,

Journal of Materials Chemistry, 21, 2011, 2671-2678.

7.1 Results
Mechanical properties of the chitosan-based substrates
The tensile strength (TS) of chitosan (CH) lms has been reported to be highly dependent on
the type of solvent used during processing, molecular weight of the CH, and the presence of
137

CHAPTER 7. ENCAPSULATING CONDUCTING POLYMER TRACKS IN A
BIOPOLYMER MATRIX
plasticisers317 . For the free-standing CH-based substrates studied for this project, the TS values
were nearly identical for each lm variant, at about 80 MPa (Table 7.1). Dierences between
the CH lm variants emerged more distinctly through the elongation percent and the Young's
modulus. The elongation values for chitosan/hyaluronic acid (CH-HA) and chitosan/glycerol
(CH-2) were similar to commercial cellophane318 , at 31 ± 5% and 27.3 ± 9%, respectively, while
the 3% chitosan (CH-3) lms were more rigid, achieving only 18.6 ± 4.9% elongation. The CHHA lms reached a strain limit of 31

± 5.5%, while the maximum strain for CH-2 and CH-3

lms was 27 ± 8.7% and 18.6 ± 5.3%, respectively. The Young's modulus was determined from
the initial slope of the stress-strain curve (Fig. 7.1), and was found to be highest for CH-HA
lms, followed by CH-3 and CH-2 lms. These mechanical properties are in agreement with
previous results for CH-based lms319,320,321 .

Table 7.1: Mechanical properties of CH-based free-standing films

Film Tensile Strength (MPa) Elongation (%) Young's Modulus (MPa)
CH-HA

83

±9

31.0

± 5.0

1945

± 158

CH-2

79

± 16

27.3

± 9.0

1245

± 130

CH-3

82

± 11

18.6

± 4.9

1680

± 97

Printing: surface versus liquid-in-liquid
In previous experiments (see Chapter 6), printing on the surface of CH-HA lms was assisted by
the structural support of a secondary, more rigid substrate. This secondary support prevented
signicant deformations in the CH-HA lms due to solvent swelling, but the requirement of
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Figure 7.1:

Representative stress-strain curves for a) CH-HA, b) CH-3, and c)

CH-2 free-standing films.
a secondary, more rigid substrate such as a glass slide can limit the potential applications of
these printed structures, particularly if mechanical exibility is required. A free standing CH
lm still must be supported by a more rigid substrate during the printing process to minimize
any warping due to solvent swelling (Fig. 7.2), but once the printed structure is dry, the free
standing CH substrate can easily be removed from the more rigid supporting substrate.

Figure 7.2:

A representative image showing a PEDOT/PSS track on the surface of

a free standing chitosan (CH-2) film supported by a glass slide (immobilized
with rubber bands) to minimize physical distortions in the film due to solvent
swelling.
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The average thickness of the free-standing CH-HA lms was 165

± 10 µm.

Printing onto

the surface of these lms resulted in the same swelling eect (Fig. 7.3a) noted in Chapter 6.
However, because the free-standing lms are thicker, the swelling can contribute to irregular
artefacts in the printed track (Fig. 7.3b). Optical microscopy analysis shows the track width to
be 189

± 7 µm, and by electron microscopy analysis, the cross-sectional area was determined

as 1538

± 136 µm2 (Fig.

7.4a-b).

Glycerol is commonly used as a plasticiser for CH-based lms316,322,323 , and tracks of
PEDOT/PSS were extrusion printed on CH-2 lms to investigate the inuence of glycerol
on swelling and swelling-related artefacts. Figure 7.3c-d shows swelling for the CH-2 lms is
similar to the other lm samples. The average thickness for the CH-2 lms was 103

± 11 µm,

and optical microscopy analysis shows the track width to be 195 ± 15 µm. Electron microscopy
analysis (Fig. 7.4c) was used to determine the cross-sectional area of the extrusion printed
track of 1774

± 165 µm2 on the CH-2 substrate.

Tracks printed on the surface of free-standing CH-3 lms likewise resulted in swelling and
swelling artefacts (Fig. 7.3e-f). The average thickness for these lms was 190
and track width was evaluated by optical microscopy to be 207

± 4.8 µm.

±

22

µm,

Again, the cross-

sectional area was determined through electron microscopy analysis (Fig. 7.4d) and found to
be 1554

± 22 µm2.

Energy dispersive x-ray spectroscopic (EDS) analysis was used to detect the diusion depth
of the sulphur component of PEDOT/PSS into the CH-based lms, specically, the sulphur
response at 2.3 keV. Sulphur is not otherwise present in CH, HA, or glycerol. Elemental analysis
shows a strong sulphur response at 2.3 keV for the PEDOT/PSS track (Fig. 7.5). Analysis of
two adjoining regions each of the CH-based lms just beneath the extrusion printed track found
decreasing responses for the 2.3 keV signature for sulphur (Fig. 7.6) with respect to distance
from the surface, indicating the maximum diusion depth of the PEDOT/PSS ink was about
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Figure

7.3:

Optical microscopy images of PEDOT/PSS paste tracks extrusion

printed onto free-standing CH-HA films, showing a) the swelling region
adjacent to the track, and b) an artefact on the film caused by the swelling
effect; free-standing CH-2 films showing c) the swelling region adjacent to
the track, and d) an artefact caused by the swelling effect; free-standing
CH-3 films showing e) the swelling region adjacent to the track, and f)
artefacts caused by the swelling effect.

4 µm (Table 7.2). No dierence was found for the diusion depth between the dierent CHbased lms studied. Additionally, the sodium peak shown at 1.1 keV (Fig. 7.5) was found only
in the spectra for the PEDOT/PSS track, but was not present in the spectra for any of the
CH-based lms, indicating the sodium counter ion does not diuse into the lm.
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Figure 7.4:

Scanning electron microscopy images showing the cross-sections of

the extrusion printed PEDOT/PSS track on the surface of a) & b) CH-HA film
(the film swelling is also clearly shown), c) CH-2 film, and d) CH-3 film.

Figure

7.5:

Energy dispersive x-ray spectroscopic analysis of the PEDOT/PSS

track (inset) shows a distinctly pronounced peak at 2.3 keV for sulphur, and
the smaller peak for sodium at 1.1 keV, indicating the presence of the sodium
counter ion in the track.
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Figure 7.6

(previous

page) :

a) A cross-sectional view of an extrusion printed

PEDOT/PSS track on the surface of CH-2 film.

The area within the square

indicates the region of interest for energy dispersive x-ray spectroscopic
(EDS) analysis, and the dashed line indicates the divide between the track and
the surface of the CH-2 film.

Two adjacent sections of the CH-2 film below

the extrusion printed track were analysed for elemental content; b) the EDS
analysis for the area immediately under the track (yellow rectangle) shows
a moderate response for sulphur, which is present in PEDOT/PSS but not CH,
at 2.3 keV; c) the EDS analysis for the area beneath b) (yellow rectangle)
shows a further reduction in the response for sulphur at 2.3 keV, indicating
a decrease in diffusion of the PEDOT/PSS material beyond the first 4 µm of
the CH film surface.

The same decrease in sulphur response was found for the

CH-HA and CH-3 films.

Table 7.2: Summary of the sulphur counts at 2.3 keV.

Location

Counts at 2.3 keV

PEDOT/PSS track

451

±6

CH lm 2µm under track

156

±4

CH lm 4µm under track

71

±3

Each of the CH-based lms studied showed swelling and artefacts caused by swelling when
conducting polymer tracks were printed on the surface. This is largely because of chitosan's
own hydrophilic behaviour. The addition of a hydrophilic plasticiser such as glycerol makes the
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lms smoother on the surface, but has been reported to increase the swellability of chitosan324 .
The swelling shown for the printed tracks in Figure 7.3 indicates no apparent dierence, though,
for any of the lm compositions studied. Therefore, liquid-in-liquid printing was explored as
a possible technique to sidestep the issue of swelling, since both the printed material and the
substrate would begin in the wet state, and dry at the same time.
The viscosity of the PEDOT/PSS paste ink as discussed in Chapter 6 was found to be
34400 mPa·s at a shear rate of 3 s-1 , which lowered to 249 mPa·s at a shear rate of 75 s-1 .
Using the power law t (Eq.

5.1 ),

the CH-HA solution exhibited a viscosity at 21° C of

5610 mPa·s at a shear rate of 0.0316 s-1 , which reduced to 679 mPa·s at a shear rate of 75 s-1
(Fig. 7.7a). The CH-3 solution showed a higher viscosity at 21° C of 18000 mPa·s at a
shear rate of 0.0316 s-1 , which became 1420 mPa·s at a shear rate of 75 s-1 (Fig. 7.7b).
Analysis of the apparent viscosity versus the shear rate indicates these CH solutions both
exhibit non-Newtonian pseudoplastic shear thinning, with coecients of
and

n

= -0.3113

value of

n

n

= -0.2702

± 0.0066

± 0.0114 for CH-HA and CH-3, respectivelyboth less than the Newtonian

= 1. The consistency coecient K was determined as 2326.8

CH-HA, and 7312.9

±

5.46 Pa·sn for

± 25.6 Pa·sn for CH-3.

In Chapter 6, analysis of the PEDOT/PSS paste using the Bingham model (Eq.

5.2 )

showed the uid exhibited the ow characteristics of a Bingham plastic. By applying the
Bingham model analysis of the shear stress versus the shear rate over the shear rate range of
0.01-0.1 s-1 for the CH-based solutions (Fig. 7.8), the yield stress is found to be 0.38
Pa for CH-HA, and 1.22
viscosity value of 1.61

± 0.16 Pa for CH-3.

± 0.032

The CH-HA solution exhibited a low plastic

± 0.065 Pa·s, while this was 7.80 ± 0.32 Pa·s for the CH-3 solution.

When trying to extrusion print structures using a liquid-in-liquid technique, the higher
viscosity and yield stress of the substrate solution is important, as the viscous drag force (see
Chapter 1, section 1.7) must be enough to hold the extruded material as it is being deposited
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Figure 7.7: The viscosity flow curves for a) the CH-HA solution and b) the CH-3

solution.

The lines indicate a fit with Equation 5.1

(see Chapter 5).

from the submerged syringe tip. If the extruded material is not held by the drag force, then
rather than forming tracks, the material will accumulate around the syringe tip or in the
solution, as shown in Figure 7.9a-c for the CH-HA solution. The viscosity of the CH-HA
solution simply was not sucient to allow the PEDOT/PSS to be drawn out into a track.
However, the viscosity of the CH-3 solution was enough that continuous tracks as long as
21 cm (limited by the length of the solution mould) could be printed (Fig. 7.9d-e). In terms of
the power law model, the apparent viscosity of the CH-HA solution was less than half that of the
CH-3 solution at shear rates of 0.0316 s-1 and 75 s-1 . According to the Bingham model analysis,
the yield stress of the CH-HA solution is three times less than that of the CH-3 solution, and the
plastic viscosity almost ve times less. The higher viscosity of the pseudoplastic CH-3 solution
essentially provided the yield stress required to allow extrusion printing of track structures of
the Bingham plastic PEDOT/PSS paste.
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Figure

7.8:

a) The shear stress versus the shear rate for the 1) CH-3 and 2)

CH-HA solutions; b) the graphs and straight lines refer to the Bingham model
(Equation 5.2, see Chapter 5) analysis of the shear stress versus the shear
rate for the 1) CH-3 and 2) CH-HA solutions.
0.01-0.1 s-1 .
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Figure 7.9:

Images of a) & b) the PEDOT/PSS paste accumulating at the syringe

tip while attempting to print into CH-HA solution; c) an accumulated mass of
PEDOT/PSS left in the CH-HA solution after separating from the syringe tip; d)
a PEDOT/PSS track being printed into CH-3 solution; e) the dried CH-3 film in
which the printed PEDOT/PSS tracks are encapsulated.

Optical microscopy analysis of the encapsulated tracks showed the width to be 247

µm.

However, SEM analysis indicates the width of the encapsulated tracks is 97.5

± 12

± 42 µm

(Fig. 7.10), so the discrepancy in these width values could be the result of a magnication
eect of the transparent CH lm when viewed above the tracks. Figure 7.9a shows the convex
surface of the CH lm above the encapsulated track that could cause this magnication eect.
Despite the convex bulge, no swelling eect was observed for the encapsulated tracks, and the
track edges had signicantly less roughness (Fig. 7.10b) compared to those on the surface of
CH-based lms. The cross-sectional area was found by SEM analysis to be 1560
the encapsulated tracks.
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Figure 7.10:

Scanning electron microscopy of a) a representative cross-section

showing the convex surface of the CH film, and an encapsulated PEDOT/PSS track
with a region of interest enclosed in the yellow rectangle; and, b) a close-up
view of the region of interest showing the edge of the encapsulated track with
very little roughness.
For comparison, PEDOT/PSS tracks were also extrusion printed onto glass and PET
substrates (Fig. 7.11a-b). Optical microscopy analysis found the track width to be 627
68 µm on glass, and 213

±

± 15 µm on PET. Tracks on glass showed signicant roughness along

the edgessimilar to those on CH-based lmswhile tracks on PET exhibited smooth edges.
Following the same analysis procedure using

Eq. 6.1

for the prolometry data discussed in

Chapter 6, the cross-sectional area (Fig. 7.11e) was found to be 965
printed on glass, and 1201

±

172 µm2 for tracks

± 240 µm2 on PET.

Electrical characteristics of the printed materials
The current (I )  voltage (V ) characteristics showed linear Ohmic behaviour for the
encapsulated PEDOT/PSS tracks (Fig. 7.12), and the resistance of 2.8 ± 0.3 kΩ/cm (Fig. 7.13)
was calculated from the slope using
CH-based lms, the

I-V

Eq. 6.2.

For extrusion printed tracks on the surface of

characteristics varied slightly for each lm (Fig. 7.14a). The current

bearing capacities of the tracks on glass are comparable to the results in Chapter 6, and the
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Optical microscopy of the extrusion printed PEDOT/PSS tracks on

Figure 7.11:

a)

glass,

printing

b) PET,
into

c) CH-2 film, and

chitosan

solution.

d) PEDOT/PSS tracks
The

scale

bar

encapsulated by

represents

250 µm.

e) Profilometry analysis of PEDOT/PSS tracks extrusion printed on PET (1) and
glass (2).

tracks on PET show capacity for a higher current load (Fig. 7.14b). Given the linear Ohmic I-V
characteristics of the extrusion printed surface tracks, resistance values were calculated using
Eq. 6.2,

and varied by substrate (Table 7.3), with those on glass showing the highest overall

resistance of 22.2

±

3.3 kΩ/cm. Tracks on PET, CH-HA, and CH-2 lms showed similar

resistance values of 14.4

± 2.3 kΩ/cm, 13.2 ± 2.3 kΩ/cm and 12.1 ± 0.2 kΩ/cm, respectively.

Of the CH-based substrates, resistance values on CH-3 were the highest at 21.2 ± 2.3 kΩ/cm
similar to tracks on glass.
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Figure 7.12: Current (I )  voltage (V ) curves for encapsulated PEDOT/PSS tracks

for increasing lengths  0.45 cm (1), 0.9 cm (2), 1.3 cm (3), 2.1 cm (4), and
12.3 cm (5).

Figure

7.13:

Total resistance as a function of length for liquid-in-liquid

extrusion printed encapsulated tracks of PEDOT/PSS.
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Figure 7.14: Current (I )  voltage (V ) curves for a) PEDOT/PSS tracks extrusion

printed on the surface of (1) CH-HA, 0.9 cm in length, (2) CH-2, 0.8 cm in
length, and (3) CH-3, 0.9 cm in length; and, b) (1) PET, 0.7 cm in length, and
(2) glass, 0.8 cm in length.
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Summary of the electrical properties of printed PEDOT/PSS tracks.

Table 7.3:

(* = includes contact resistance)

Track Environment

R (kΩ/cm) Cross-sectional
area ( m )
µ

σ

(S/cm)

2

glass

22.2*

965

± 172

4.8

± 0.8

PET

14.4*

1201

± 240

6.0

± 1.2

15 layers

1330*

41

0.73

± 0.11

Extrusion tracks CH-HA

120.0*

1220

± 80

1.3

± 0.2

CH-HA

13.2

1538

± 136

5.1

± 0.9

CH-2

12.1

1774

± 165

4.7

± 0.3

CH-3

21.9

1554

± 22

3.1

± 0.3

Encapsulated

2.8

1560

± 70

22.9

± 1.0

Inkjet tracks:

±2

CH-HA (Ch. 6)

(Ch. 6)

As shown in Chapter 6 using

Eq. 6.4,

tracks on glass and PET as 4.8

±

the conductivity was calculated for extrusion printed

0.8 S/cm and 6.0

±

1.2 S/cm, respectively.

For the

free-standing CH-based lms lms, the conductivity values were in agreement with the

I-V

characteristics, and practically identical within error margins among the dierent substrates.
The tracks on CH-HA showed a conductivity of 5.1
on CH-3, 3.1
22.9

± 0.3 S/cm.

± 1.0 S/cm.

± 0.9 S/cm; on CH-2, 4.7 ± 0.3 S/cm; and

The encapsulated tracks showed the highest overall conductivity of

The nearly ve-fold increase in conductivity observed for the encapsulated,
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yet otherwise unmodied PEDOT/PSS tracks over those extrusion printed on glass is similar to
previous ndings for PEDOT/PSS optimized with additional solvents and heat treatment325,326 .
For PEDOT/PSS lms prepared by evaporative casting on glass, the sheet resistance as determined by four-point probe is 197.5

±

8.9 Ω/. The average thickness of the lms was

14.4 ± 3.9 µm, so this conductivity was calculated to be 3.6 ± 0.5 S/cm. At least some dierence
in these results compared to previous ndings (see Chapter 6) is attributable to batch variation
for the synthesized polymer. It has been previously shown that dierent batches of the same
material can yield dierent physical characteristics and material properties327 .

7.2 Discussion
The morphology of the printed track is greatly aected by the contact angle of the substrate, as
discussed in Chapter 6. The higher wettability of the glass substrate allows the printed track to
spread substantially, resulting in a track with greater width than height. On PET, the reduced
wettability results in a track that is narrow and high. Similarly, the free standing CH-based
lms do not allow the printed tracks to spread signicantly after deposition, as the hydrophilic
reaction to the solvent of the printed material eectively pins the edges of the tracks (Fig. 7.11).
Even on the surface of the CH-based lms, though, the overall structure of the printed tracks is
comparable to rigid substrates. However, randomly patterned swelling artefactssuch as those
shown in Figure 7.3produced when printing on the surface of CH-based lms may not be
desirable, because large scale batch manufacturing generally requires a degree of controllable
consistency328 . The edge (the outer 20 µm) of the printed track is thinner than at the centre,
and exhibits roughness typical of PEDOT/PSS329 .
On the other hand, pressure and viscosity dierences inuence the structure of the extrusion
printed tracks in a liquid-to-liquid interface, instead of wettability. The resulting encapsulated
tracks exhibit width values less than those on PET or the surface of dry CH-based lms, as
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the simultaneous drying of the CH solution and the tracks keep more of the printed material
contained with less roughness (about 500 nm) around the edge (Fig. 7.12). The overall structure
of the encapsulated track is more uniform in all directions since the ink and the substrate
undergo drying at the same time.

As discussed in Chapters 3 and 6, the contact angle plays an important role in the drying
of the printed material to form the nal printed structure. Furthermore, as the results in
Chapter 6 show, printing an aqueous ink onto dry CH-based lms results in a swelling eect
for the nal printed structure, and this physical adsorption may play a role in reducing the
conductivity through dissociation of some of the material330 . However, extrusion printing of
PEDOT/PSS into a CH solution eliminates this swelling eect, and the resulting tracks show
less contact resistance and greater conductivity. Since both the ink and the substrate undergo
drying at the same time, though, encapsulated tracks will be about 60% shorter than the
initial printed length. The phase separation that assists the printing of PEDOT/PSS into CH
solution could be inuenced by charge. Both PEDOT and CH are positively charged, but
PSS is negatively charged, and the conducting polymer synthesis ratio yields an excess of PSS.
It is possible the hydrogen bonding between PSS and CH improved the connectivity of the
PEDOT. Tricoli, et al. 331 have shown that poly(sodium 4-styrenesulfonate) will react with
CH by an esterication process between the NH3 + groups in CH and SO3 - groups in PSS to
form a polyelectrolyte complex of CH/poly(4-styrenesulfonate) without the sodium component.
For tracks encapsulated in CH, this would agree with the elemental analysis showing only the
sulphur response at 2.3 keV in the CH lms underneath the PEDOT/PSS tracks (whereas the
elemental analysis for the PEDOT/PSS track itself showed both the sodium peak at 1.1 keV
and the sulphur peak at 2.3 keV). Additionally, the greater density of a liquid versus air means
that longer tracks (up to 12.3 cm after drying) can be printed using this technique, aided by
viscosity of the liquid platform as the extruded material is stretched and held by the viscous
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drag force332 . Extrusion printing polymer inks in air can lead to burps, given the viscoelastic
behaviour of the ink (see Chapter 3), so the most well-formed printed structures tend to be
about 2 cm in length or less.

7.3 Conclusions
Liquid-in-liquid extrusion printing is a simple technique by which to create encapsulated tracks
of PEDOT/PSS within chitosan. This method is dependent on the viscosity and phase separation
of the extruded material and the liquid printing platform. The CH-HA solution did not have
the necessary viscosity to provide enough yield stress to allow liquid-in-liquid extrusion printing
of the PEDOT/PSS paste. However, the PEDOT/PSS paste could be extrusion printed into
the CH-3 solution to form encapsulated tracks. Analysis of the solutions using the power law
model (Table 7.4) shows that CH-3 solution has a consistency coecient

K

about thirty times

that of CH-HA, and only slightly larger than that of the PEDOT/PSS paste. Further indication
that the CH-3 solution is optimum for the liquid-in-liquid encapsulation of PEDOT/PSS paste
ink comes from the results of the Bingham model, which shows the plastic viscosity of CH-3
is nearly ve times greater than CH-HA, and almost four times greater than the PEDOT/PSS
paste. The PMAS and PEDOT/PSS dispersion inks from Chapters 5 and 6 are also shown in
Table 7.4 for comparison.
On the other hand, extrusion printing of PEDOT/PSS paste onto the surface of dry CHbased lms results in a swelling eect that does not occur for the liquid-in-liquid printing
method. These CH-based lms were approximately ten times thicker than those used in Chapter
6, and this led to irregular artefacts in the printed tracks from the swelling reaction between
the solvent and the biopolymer material. The free standing biopolymer lms all exhibited
the same tensile strength (about 80 MPa) and elongation (about 26%) within error, and the
surface-printed tracks all exhibited the same width within error (about 200 µm), indicating the
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Table

7.4:

A summary of the power law and Bingham model values for PMAS,

PEDOT/PSS (dispersion and paste), CH-HA, and CH-3.

Power Law Model

Ink
K

PMAS (Ch. 5)
PEDOT/PSS

(mPa·sn )

n

Bingham Model
yield stress

plastic viscosity

(mPa)

(mPa·s)





69

±8

-0.7411

± 0.1267

423

± 13

-0.8497

± 0.0472

320

± 282

-0.7357

± 0.0122

98546

2327

±6

-0.2707

± 0.0066

73123

± 26

-0.3113

± 0.0114

± 71

52

±8

dispersion (Ch. 6)
PEDOT/PSS

68516

± 687

2040

± 78

380

± 32

1610

± 65

1220

± 160

7800

± 320

paste
CH-HA
CH-3

dierent compositions of the lms had little eect on the swelling reaction. This swelling eect
indicates some of the PEDOT/PSS is adsorbed into the CH-based lm, and this was conrmed
by EDS analysis. The EDS response for sulphur at 2.3 keV was shown for the CH-based lms
beneath the printed track, and this response decreased between the lm depths of 2-4

µm.

Comparison of the EDS analysis at 1.1 keV for the track versus the adsorption layer in the lm
showed the sodium counter ion remained within the track and did not pass through to the lm.
While electrical resistance was nearly identical for the surface-printed PEDOT/PSS paste
tracks on CH-2 and CH-HA lms at about 12.5 kΩ/cm, and tracks on the surface of
CH-3 lms showed a resistance similar to tracks on glass at about 21 kΩ/cmthe resistance
for encapsulated tracks was strikingly lower at 2.8 kΩ/cm. The cross-sectional areas of the
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surface-printed tracks and the encapsulated tracks were found to be similar within error.
Encapsulation itself may protect the PEDOT/PSS track from possible degradation in air.
Although liquid-in-liquid printing avoids the swelling reaction exhibited by tracks printed on the
surface of CH-based lms, the PSS in the ink may react with the CH solution by hydrogen
bonding, allowing enhanced contact of the PEDOT regions. These results have shown that
the encapsulated PEDOT/PSS tracks exhibited superior electrical performance versus the nonencapsulated tracks. Additionally, it has been shown that the liquid-in-liquid printing method
with the appropriate uid properties can make fabrication of encapsulated tracks a reasonably
simple process.
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Conclusions

8.1 Discussion
The research described in this thesis focused on printing electroactive polymer inks, with an
eye toward enabling future research into printing implantable devices. Flexible substrates will
be important in this eort, and as much as this thesis focused on using biopolymer substrates.
Three printing techniques were evaluated, inkjet printing, extrusion printing, and capillary force
printing.
Inkjet printing was carried out with the Dimatix DMP 2800 Materials Printer, using
ink consisting of an as-prepared dispersion of the electroactive polymer, PEDOT/PSS. The
limitations of the DMP (the optimum range of ink viscosity is rather limited (10-12 mPa·s))
highlighted the need to explore other printing options. Chapter 3 points out that solutions
containing polymers tend to behave in a viscoelastic manner, which complicates inkjet printing,
as the inks may build up at the nozzle opening and may lead to issues such as sputtering or
clogging. Some of these complications can be reduced by adding surfactants or humectants to
the ink. Relationships between viscosity and surface tension, such as the Ohnesorge number
(see Chapter 3), can be used to determine if printing an ink should be possible. However, when
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it comes to printing electroactive polymers, the limitations of inkjet persist.
To further pursue printing of electroactive polymer inks, a custom printer (based on a CNC
milling machine) was built to address these limitations (see Chapter 4). The custom-built
printer consists of 3 controllable axes, and a gas pressure-controlled syringe attached to the
z-axis. As the results in Chapters 5-7 show, printing by extrusion and capillary force methods
allows far more tolerance for a wider range of viscosity of the materials inks versus inkjet
printing. For example, the apparent viscosity for PMAS (1 mPa·s at 75 s-1 ) is well below the
range specied for the inkjet printer. However, this materials ink was suitable for deposition
via capillary force onto glass substrates (see Chapter 5). In contrast, printing the more viscous
PEDOT/PSS paste (249 mPa·s at 75 s-1 ) required extrusion printing. This enabled reliable
deposition of conducting tracks onto the surface of a glass-supported CH-HA substrate and free
standing CH-based lms (see Chapters 6 and 7). These experiments highlighted the exibility
of extrusion over inkjet printing. In addition, a novel liquid-in-liquid printing technique was
investigated, in which the syringe tip was submerged into a 3% CH solution and PEDOT/PSS
paste was extruded to form encapsulated tracks.
The substrate properties and contact angle with the ink aected the overall printing outcome
in regards to the shape of the nal printed structure. Single layer capillary printed tracks on
glass were typically less than 1 µm in height, and about 500 µm wide. The cross-sectional shape
of these tracks consisted of peaks on the outer edges and a valley in the centre of the track,
much like the "coee-stain" eect for single drops. Similarly, extrusion printed tracks on glass
exhibited the same cross-sectional shape for tracks that were about 500 µm wide and about
3 µm in height. However, because inkjet printing deposits less material, requiring less drying
time, the cross-sectional shape is more round for a 15-layer track on glass measuring about 80

µm wide and less than 1 µm in height.

Printing onto a CH-HA substrate resulted in a very

dierent shape for the track cross-section.
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The biopolymer substrate reacted by swelling upon deposition of PEDOT/PSS, and these
tracks rose to a peak at the centre. Although inkjet printed structures had the smallest crosssectional area, about 40 µm wide and about 1.2 µm in height, they had the same shape as
extrusion printed tracks measuring about 160 µm wide and about 7.3 µm in height. It is CH's
and HA's anity for water which resulted in this swelling reaction between the ink and the
substrate, causing the nal tracks to be taller and narrower than those on glass. The swelling
eect was more pronounced for extrusion printed PEDOT/PSS tracks on thicker free standing
CH-based lms, leading to irregular features in tracks. This ink/substrate reaction indicated
that some of the printed material was adsorbed into the biopolymer substrate, and this was
conrmed through SEM and EDS (see Chapter 7).

Alternatively, liquid-in-liquid printing was investigated and found to be a suitable technique
by which to avoid the swelling eect, as well as for encapsulating the conducting polymer
tracks. Encapsulation of conducting polymer materials is essential to enhance their usage in
possible implantable devices, and it may allow for printing three dimensional devices. To
achieve this result, the viscosity of the liquid to be printed in needed to be sucient to provide
a resisting drag force to retain the extruded materials ink as it was being printed. Analysis
of the PEDOT/PSS paste and the CH-HA solution using the power law model showed the
consistency coecient

K

was far greater for the extruded ink (about 68500 mPa·sn ) than for

the liquid printing platform (about 2300 mPa·sn ) (see Chapter 7). In addition, the plastic
viscosity shown by the Bingham model was greater for the ink than the CH-HA solution by
nearly 400 mPa·s. On the other hand, a solution of 3% CH, with a consistency coecient
K

of about 73000 mPa·sn and a plastic viscosity of 7800 mPa·s, was sucient to provide the

appropriate drag force to result in reliable printing of encapsulated tracks of PEDOT/PSS.
Once the sample was dry, the resolution of the encapsulated track was improved over those
extrusion printed on dry CH-based substrates. The encapsulated material did not spread out,
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but remained in a small, conned area, the width of which measured about 60 µm and the
height about 40 µm.
The drying conditions as well as dierences in the amount of material deposited by the
printing methods investigated resulted in distinctly dierent electrical characteristics for the
printed structures. Because inkjet printing deposits small amounts of material (10 pL per
drop) the resistance of the inkjet printed PEDOT/PSS tracks on CH-HA (see Chapter 6) was
found to be about 1.3 MΩ/cm for 15 layers. This calculates to a conductivity of about 0.7

±

0.1 S/cm for these samples. The same batch of material when concentrated to a paste

and extrusion printed on CH-HA showed a much lower resistance of about 120 kΩ/cm, but
the calculated conductivity was still similar, about 1.3

± 0.2 S/cm.

On glass, however, these

extrusion printed tracks showed a signicantly lower resistance of 30 kΩ/cm, and the higher
calculated conductivity of 2.8

±

0.4 S/cm indicates that the drying conditions on the glass

substrate are dierent than those on CH-HA, as the amount of the material printed on each of
these substrates is the same.
A new batch of PEDOT/PSS was used for extrusion printing using the custom built printer
(see Chapter 7). While extrusion printed tracks on PET and glass showed slightly dierent
resistance values of 14.4 and 22.2 kΩ/cm, respectively, their conductivity was similar (4.8 ± 0.8
for tracks on PET, 6.0 ± 1.2 S/cm for tracks on glass). Printing on free standing CH-based lms
resulted in tracks with similar resistances as the PET and glass substrates, ranging from about
12-22 kΩ/cm, and the calculated conductivity values range from 3.1

± 0.3 to 5.1 ± 0.9 S/cm.

These free standing biopolymer lms were much thicker than those used in Chapter 6, and this
aected the drying conditions of the printed tracks such that the electrical characteristics were
more consistent with those on non-biopolymer substrates. However, liquid-in-liquid printing
presented very dierent drying conditions for encapsulated tracks compared to surface-printed
tracks. This dierence resulted in a signicantly lower resistance value of 2.8 kΩ/cm for the
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encapsulated tracks, resulting in the high calculated conductivity of 22.9

± 1.0 S/cm.

The overall aim of printing of electroactive inks onto and within biopolymer substrates has
been accomplished. The in-house synthesized materials inks investigated were all determined
to be printable, but the viscosity characteristics were shown to be fundamental to the choice
of printing method used. In the case of electroactive polymer inks, small structures can be
achieved using inkjet printing at a cost of higher resistance, but the viscosity tolerance of this
printing method is narrow. A custom printer was designed and built to allow investigation of
printed structures outside the viscosity tolerance of inkjet printing. Extrusion printing using
this custom built printer was shown to be a very reliable printing method by which more viscous
inks can be printed, resulting in lower resistance, but this sacrices print resolution. Although
the morphology of tracks printed on the surface of CH-based lms is aected by swelling,
these tracks undergo similar drying conditions as tracks printed on the surface of a non-porous
substrate (glass or PET) resulting in similar conductivity values. However, encapsulation of
extrusion printed tracks by liquid-in-liquid printing results in very dierent drying conditions,
in which the tracks are not directly exposed to air. There is no swelling eect, and the extruded
material remains conned. The dierent drying conditions enhanced the connectivity of the
PEDOT domains to yield signicantly lower resistance compared to the other printing methods,
and with resolution close to that of inkjet. Each of these printing methods investigated were
shown to be suitable for fabrication of devices, the electrical performance of which directly
correlates to the printing method used, the amount of material deposited, and the drying
conditions for the printed structure.

This work is hopefully a stepping stone towards free-standing, exible, and conducting
biomaterials platforms for regenerative medicine.
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8.2 Future Work
Several projects could stem from this work. To begin with, it would be useful to study the
eects of moisturewater and cell culture media, for exampleon these printed structures, as
these results would indicate if they are suitable for the wet environment an implant would need
to endure. Key tests should indicate what eects moisture has on the resistance and impedance
of the tracks and the mechanical integrity of the structure. (The most elastic of the dry lms
was CH-HA, exhibiting 31% elongation before breaking under mechanical testing.) Impedance
behaviour of the conducting material in a hydrogel can indicate to what extent the device may
be susceptible to interference, as well as reveal information about the ionic conduction of the
biopolymer matrix. In-depth cell culture tests would be important for understanding if the
system is suitable for cell growth, on and within the hydrogel, including appropriate cycles of
electrical stimulation of cells. Such testing with cells could show whether or not these printed
structures are appropriate for use as a tissue scaold, and if the electroactive material can
provide the necessary electrical stimulus for the required length of time. Finally, given the
results of these tests, a simple, implantable device could be fabricated for

in vivo

testing of

performance and degradation. This last experiment would serve to show if the printed structure
can function properly in a living animal and degrade with few or no side eects.
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APPENDIX A. CNC MILLING MACHINE PRINTER ASSEMBLY

SHERLINE CNC-READY VERTICAL MILLING MACHINES
EXPLODED VIEW AND PART NUMBER LISTING
NOTE: Where different, Inch part number is given first, followed by Metric part number.

1297
41080
40620 (US)
40630 (UK)
40640 (Euro.)

43180
43230

40150
40172
40660

43190
40040

43120

45450 Leeson)
45460 (Hill House)

31080

40175/41175
41080

40690
40173
40520

67115
67105

40160

43140
43150

40520

50240

40170/41170

32100
40420

40600
45040

67111

90060
43200 (Label)
90080

40670
67111

67102
40520

67120
67120
67104

43130
40440

40020

40260
40540

41130
43360

40990

40520

43100

40820 40100

40660
40670
30220
43460 43110
43170 30230

67028/67029
40660
40420
40690
40320
40440

43160
67111

67021

43170

40740

40230

67051/67052 (deluxe)

50050

67115
67105
40520
67111
67120
67102

67120
67106/67108 (RH)

67050 (Std.)
67150

40510

50211
50150
STANDARD HANDWHEELS
X-Axis: 40080/41080
Y-Axis: 40050/41050
Z-Axis: 34000/34100
40520

50171/51171
40520
50200/51200

50220

40510
50910
50190
40690

40520

40980
40760
40820
45070
40890/41890
40520

ADJUSTABLE “ZERO” HANDWHEELS
34250
X-, Z-Axes: 34260/34270
Y-Axis: 34230/34240 34210
40520
5000-series:50161/51161 (7”)
34220
5400-series: 54161/54171 (9”)

40520
50150

50130/51130
50140/51140

50210
40980
40820

40510

67120
67107/67109 L/H

67151/67152

40560
40550
40570
40580

67111

67102

67115
67120
67111
67105

40520
3/28/08
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APPENDIX B. MULTI-PATTERN G-CODE
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